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Developinga Sustainable Air Container Renting
and Air Cargo Allocation Plan Under Dynamic
Shipment Information

Yue Wu
Southampton Business School
University of Southampton
Southamtpn, United Kingdom
y.wu@soton.ac.uk

Abstract Air cargo forwarding plays an essential role in global
trade, enabling the rapid transportation of goods across
continents.The tremendous speed of air transportation and high
frequency of scheduled flights to the majority of cities in the
world have dramatically reduced transit time from weeks by sea
to just one or two days by air.Although shipment size is still
restricted by todaydés aircra
mostly high-value goods make a significant contribution to the
total value of globd freight. However, the air transportation
industry faces increasing pressure to adopt sustainable practices
due to its significant impact on the environment and climate
change. This research aims to develop a sustainable air
container booking and air cargo allocation plan to minimize
transportation costs while reducing environmental impact. Air
forwarding companies are responsible for delivering air cargo
from different origins to different destinations, managing key
logistics functions such as cargo picky, documentation for air
shipment, cargo insurance, warehousing, and tracking. Among
these, one of the most critical tasks is booking air containers,
consolidating shipments, and allocating air cargo into air
containers. Forwarding companies need to bookiacontainers
from airlines to ship air cargoes from different regions to
various destinations. However, forwarders must book air
containers in advance before they know accurate shipment
information because urgent booking will incur a heavy penalty
on top of the price of renting containers, and air containers may
not be available. Additionally, the price of renting a container in
advance not only depends on container types but also on the
cargo weight inside the container. Therefore, forwarders need
to makedecisions about what quantities and types of containers
are booked and how cargoes are loaded into containers. The
problem becomes even more complex due to dynamic shipment
demand, as forwarding companies must book air containers in
advance without having accurate shipment information.
Additionally, if there is a high demand for shipments, the
booked containers may not be sufficient to accommodate all the
cargo, requiring forwarding companies to determine the
quantities and types of additional containers eeded. On the
other hand, if the shipment demand is low, the companies must
decide on the quantities and types of containers to return. Any
urgent requests for additional containers or cancellations incur
penalties. In this research, an optimization modeis formulated

to develop an air container renting and air cargo allocation plan
under dynamic information. It determines what the quantities
and types of air containers are needed for booking, as well as
urgent requirements for additional containers and cacellations
for unwanted containers. The model can also determine which
cargoes are loaded into which containers in dealing with the
dynamic shipment information. Effectively utilizing containers
not only reduces costs but also optimizes space, reducingeth
number of containers needed. This, in turn, helps decrease air
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Air transport is the fastest mode of delivering goods over long
distances. Crabtreet al. (2014) exemplify that air cargo in
the next two decades will grow, on average, 4.7% per year.
They forecast that after 20 years the number of revenue
tonnekilometers (RTK) by air will reach more than twice the
number reached in 2013. Yan al. (2006) develop a model

for cargo container loading plans by looking at the operations
of the carrier FedEx. Airlines looking for the best possible
baggage limit policy, whilst the goods were carried in the
remaining aircraft belly space along with custonred Ek,ug g a ¢
has been identified as a new difficulty by Watal. (2009).
Some of the challenges encountered during the loading and
shipping of air cargos include the cost of loading, which is
pegged on the weight of the entire container, as well as the
volume of packing (Fenet al, 2015).

In this research, air cargo must be transported from various
regions to different destinations via a hub where shipments
are consolidated. Each cargo item has a specific weight and
volume, and items are indivisible, meaning that each must be
loaded entirgl into a single container. Air freight forwarders
are required to book containers for both the regions and the
hub. At the hub, containers may come from three possible
sources: (1) preised containers, which arrive from the
regions and remain in use; (2&w containers, booked in
advance; and (3) urgent containers, booked on the day of
shipment. Notably, the use of pused containers at the hub

is incentivized through a discount compared with booking
new containers.

Air cargo forwarders must make decisions not only regarding
the number of containers to use but also on how to load cargo
into these containers to optimize space utilization and
minimize total costs. Containers are typically booked one
week before the shiping date to secure lower rental prices
from airlines. However, the quantity of cargo provided by
customers is uncertain. Forwarders prefer not to wait for the
actual shipment information, as the cost of urgent container
bookings or cancellations on thamgbing day is significantly
higher than the advance booking cost. Therefore, determining
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how to book containers under uncertainty and how td. Notation
efficiently load cargo into containers is critical for reducing
both operational costs and associated air pollution. Indices

The price of renting a container in advance depends ci types of containers (i = 1,2,---,m);
container types and the cargo weight inside the containe

Before the time of rental, accurate information is notJ tvpesof cargoes (j = 1.2,--,1);
available, so the forwarders have to make a decision about t

quantities and types @bntainers in all the regions and hub, 7 resions (r =1,2,-,R);

along with how to use the presed containers in the hub.

Then, after the realization of the uncertainty, if the container @ destinations (d = 1,2, -+, D);

that have been booked cannot hold all cargoes, addition

containers are required with a higénalty cost. On the other § scenarios (s = 1,2,---,5);

hand, if too many containers have been ordered, redunde

containers have to be returned to the airline with a penalik numbers of breaking-points for type i container (k = 1,2,, K;);
due to the breaking of a contract. Therefore, the rental co

consists of two parts: the cost of using thetamers and the ! numbers of type i container (I = 1,2,--, L,).
cost of penalties for urgent requirements or cancellation on

the day of shipping. The cost of using a container is based Deterministic parameters

a fixed charge, plus a variable charge that depends on the tc

cargo weight that the container holds. The penatigt v; volume of a type j cargo;

includes the cost of renting the additional containers and tr

cost of returning the unused containers on the day ; weightofa type j cargo;

shipping.

V; volume limit of type i container;

AN OPTIMISATION MODEL W, weight limit of type [ container:

A. Renting cost

The cost of using a container consists of two components:
fixed cost and a variable cost. Once a container is selecte
the fixed cost must be paid. If the weight of the cargo loade
into the container exceeds a specified threshold, an additiorc0
variabk cost will be incurredl hevariable cost is a piecewise
functionshown as followgWu, 2010)

a;, weight of type i container in breaking-points k;
8, the unit charge rate of type i container in the range (@;;_1), @x];
fixed cost by renting a type i container in region r;

r.'iho fixed cost by renting a type i container in hub;

n
0 wa’vf €(0,a4] Qjsr type j cargo quantity in scenario § in region 1;
j=1 Decision variables
L 3
62(2 Wy — al) Z W;Vj € (al. az] 0;,- number of type i container for booking in region 1;
Jj=1 j=1
" ol number of type I container for booking in hub;
8:(a; —ay) Z w;y; € (a3, d,]
c= . jil 075,/ 0% number of type i container required/returned in scenario s on shipping day in region r;
Gy(a; —ay) + 64(2 WV — as) Z w;y; € (az, a,] ol /o number of type i container required/returned in scenario s on shipping day in hub;
J=t J=1
T ol number of type i pre-used container for booking to continue to use in the hub;
82(a; —a;) +84(a, —as) Z w;y; € (ay, as]
J=1 1 if the Ith container of type [ is selected in scenario s in regionr

n Xilor = A
or {0 otherwise

n
Gx(a; —ay) +6,(a, —ag) + aé(zwjyj —as) Z w;y; € (as, ag)
= =

ps probability of scenario s;

We can simplify the above formulation by adding two new L type  container available quantity in region 7;
variables’Q andd in the range® hi in the container,
po0Q T The variable cost can be converted into
m ¢ B 0 Qi i ]

B 1 "Q by adding the following constraints:

L; type i container available quantity in all regions, which means L; = ¥5_; L..;
a

h i ; i v .
L} type [ container available guantity in hub,

¢/ i the unit penalty cost of requiring/returning type i containers on shipping day in region 1;

K n
g = Z W;V; Cih_fclh*' the unit penalty cost of requiring/returning type I containers on shipping day in hub;
1747
k=1 j=1 . . 3 B .
b; the unit repacking cost of type i container in the hub;
g = Zk(ak - ak—l)' k= 1; 2; T K 6 the discount rate of fixed cost by using pre-used containers;
x = Zk+1(ak _ ak—l)- k= 1,2, K q;lsd quantity of type J cargo with destination d in scenario s in the hub.
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Vitjsra Quantity of type J cargo with destination d loaded into the Ith container of type i in sce Lk D
§ inregion; ol = Zxﬁsd+0§"‘5+—o£‘; i=1--,m s=1,-,§
y!ijm quantity of type j cargo with destination d loaded into the [th container of type [ in sce =1 d=1
sin hub;
L; p R L
i ight distributed in th i(k—1) @] inside the [th tai f type : _
Yitksr cargo weight distributed in the range (@;_1), dg] inside the container of typ Z Z [_{gd = Z Xiler i=1,--,m, s=1,-,§
scenario S in region 1; =1 d=1 =1 =1
gleq cargo weight distributed in the range (@y(-1). @] inside the Ith container of typ  pht D
scenario § with destination d in the hub; h h
. — Z ¥isd = Ly
ither = [l Gk > 0, I=1d=1
0 otherwise
N [1 ifghes >0 L b
dksd =10 otherwise he he
Z Xilsd = Of
» (1 ifthelthtype i container with destination d is selected in scenario s in hub I=1 d=1
Yilsd = [0 otherwise
K; n D
he [l if Ith type i pre — used container with destination d is selected in scenario s in hub
#¢ " lo otherwise Z ilksr Z WiViljsrd
ne . . . - . . . k=1 j=1d=1
Viljsa quantity of type J cargo with destination d loaded into the [th pre-used container of type i ir
scenario § in the hub;
Giksr < Zitksr (@i — Qige-1))
ghe_; cargo weight distributed in the range (@(r—1), @] inside the lth type i pre-used containel
with destination d in scenario s in the hub; H{Eksd = Z;;l:k—l]s‘d (ﬂ’['k - ai(k—l))
he |1 i gl >0 K; n
iiksd 0 otherwise ne he
Z Hilksd = ij'yiljsd
=1 =1
C. A robust optimisation model with model robustness he ne
ilksa < Zitksa (@i — aie-1)
Model robustness for air cargo forwarding problems mean ;. he
that the air cargoes can been transported next week by addrgriksd = Zil(k-1)sd (“fi' - “i(k—l))
penalty cost if it is profitable. The robust optimisation
model W|§h model robustness for air cargo forwardlngz Z vivijsra < ViXisr
problems is formatted as: e
D n n D
mmZ(M + Z Z DsCir Oy T Z Z PsCirOier + Z Z Ps®@j€jsrd) Z WjVitjsra = WiXits:
i=1s5= i=1s= d=1j=1s=1 j=ld=1
R m Lir s m 5
h—_h— n
+ Z Z Z birxgsr + Z(Nd +Ng) + Z Z PsCi Ois h R
r=11=1 =1 =1 a=1 i=1s=1 Z Vi¥igsa < ViXisa
m 5 D n 5§ =1
+ ZZ psc?+°?s+ + Pswj e}gd
i=1s=1 d=1j=1s=1
. wivl < wixh
subject to iViljsd = Wiiisa
i=1
m Lir § m Lir Kj
M=) Qs+ D)) ”
r= PsCirXilsr PsOik Gitiesr Z he he
T LA
i=11=1s=1 i=11=1k=1ls5=1 vﬁ"al)sd = ViXilsd
=1
m Ly § m Li Ki s
n
RIS IR .
WiVitisa = Wix;
i=1 1=1 5=1 =1 1=1 k=15=1 [, 1 isa itsd
=1
m Ll} 5 m L K; % m D Lir
T D RTINS 33 % AT WD ) 3
=1 1=1 §=1 =1 1=1 k=1s=1 =ta=ii=1
m L
h
Z yi&jsd + ZZ y(i_;sd q_;sd Z Cjsrd ~ €jsd
i=11i=1 i=11I=
ISBN: 978-618576506-4
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0irs 0f, 07, 0527, 055y 01, O Vitisras Vhisar Vitisar Gitksrs Oliesas Titksa € (012, -1
After running the robust model, we obtained the container

booking plan in a good economic, shown in Table 3 and the
unshipped cargo plan in Table 4. This results in total cost

h he h he
Xitsr) Xilsar Xilsar Zilksrs Zilksar Zilksd € 10,1}

Sjsrar &jsa € {0.1,2,--, inf} saving by not shipping all cargo. In turn, the company will
spend less on contadr rentals, which also contributes to a
RESULTS reduction in air pollution.
The practical case is described in greater det&ilurn(2010) Table 3. Container booking plan
Init, a logistics company in Hong Kong provides air transSpor [ cowamerpe 1 3 3 7

A

services worldwide. It collects shipping information from its | e } =
customers, including the characteristics of different types [ Pre-usd container
cargoes, delivery dates, destinations, and uncertain demaric:— '
The ar cargoes need to be transported from two regions,
Mainland China (Region A) and Vietnam (Region B), to the
hub in Hong Kong first. The cargoes are unloaded an
consolidated in Hong Kong before they are sent to tw( cus S e R B e B e
destinations, the EU (Destinatidd) and North America I — ] 2 )
(Destination b). There are three types of cargo: large,

medium, and small, with volumes of 1500, 1200, and 100u
cubic decimeters and weights of 750, 600, and 500 kilograms.

The containers in the regions and hub have the same ElGYoc U! é G Uy cVae "1 eyaUlgid

characteristics. If the company decides totowe using the  , |y 5 ghéivs the computational results of the robust
containers in the hub, which just come from the regions, igptimisation with different penalty cost of unshipping . In the

will get a 5% discount for the fixed cost. tests, ALO, AMO and ASO means
The company contacts an airline to rent air containers ifespectively. When the penalty cast0, there is no penalty
advance. There are seven types of containers, and currenféy unshipped cargoes which means all the cargoes can be
there is only one of each type of container available in eaatonsidered in the next week. When the value daficreases,

region and hub. The airline provides container information irthe trend of expected infeasibility decreases, and the total cost
ElGYoc U! g Uy eUas } sy a Ugrceages. \Uhgwfincréasesiy a jargegamount)tbe expected

b} vy d aralthe unit penalty cost Bl Y ae U! ¢ @ infeasikiliy dbecomes zero, whicheans that all cargoes
"3eyaUgldd Udd Us.UGey Yd u Ushoudbe lgages Gvithout delay due to the high cost ef un

[ UG U [

b= =
[ I F e Y

Table 4. Unshipped cargoes

3

it

2
.

shipment.
Table 1 Air container characteristics
Container type 1 2 3 4 5 6 7 . 3
Table 5. Computational results of different penalty cost
Fixed cost 161617 105898 85207 74373 48713 46553 20695
Volume limit 6489 6300 5008 4882 3700 3150 1400 Wy = mi 24000 26000 28000 30000 32000 34000
— . - wy = wg 20000 22000 24000 26000 28000 30000
‘Weight limit 6800 5400 4200 4000 3900 3500 1200 wy = mg 16000 18000 20000 22000 24000 26000
“u 3968 2600 2092 1826 119 1643 305 Expected cost in regions [} 206718 | 378606 | 423020 | 496214 | 509535
E a; 4722 3050 2490 2173 1423 1747 602
2 - Expected cost in hub 1] 223191 387870 | 428366 | 501181 | 606909
o a3 5290 3467 2789 2434 1594 2000 674
-_g @ 5976 3054 3149 2741 1805 2500 758 g | 41 6M 38 4L3M28 | 4LIM | 3L1IM | 3118 0
: .
& a 6273 4111 3307 2886 1917 2591 799 Unshipped cargoes inregion &| & | s 3L 5M 48 SL2M 1S aPL 28 28 0
- g
;e 6800 5400 4200 4000 3900 3500 1200 “ 5 91 4M3S 1M 38 0 0 0 0
iy 0 0 0 0 0 0 0
o 51 L 4M 45 SLIM18 2028 2L 18 0 0
& 82 32 32 32 32 32 32 32 8
_g 5 o o o o 0 o o Unshipped cargoes in region B § 5 2L 4M 38 2L 1M 0 0 0 0
E 8is 29 29 29 29 29 29 29 . 53 2L IM 38 25 0 0 ) 0
<
8is 0 0 0 0 0 0 0 R 5 0 o 0 o o 0
8 25 25 25 25 25 25 25 ]
Unshipped cargoes in hub 2| s 0 0 0 0 0 0
g
s 0 0 0 0 0 0
Table 2. The unit penalty cost and unloading cost (5) infeasibility cost (§) 1040800 666300 382400 | 323600 | 201600 0
Total cost (5) 1040200 1108709 1148876 | 1176295 | 1198995 | 1206444
Container Unit penalty cost for returning unused Unit penalty cost for renting additional Unloading
type containers containers. cost
1 100000 200000 16000
2 70000 150000 10000 CONCLUSION
3 60000 120000 8000 . . .
E 50000 100000 7000 In this research, we addressed the air cargo forwarding
5 40000 80000 5000 H
. o e e problem under uncertainty, where cargo must be transported
7 30000 60000 2000 from regions to destinations via a hub with inaccurate

shipment information. Air forwarders are required not only to

. o . determine, in advanceheg number of containers to book for
In this study, we assume that uncertainty is charactenze([_ija g}nregion and the hub before accurate shipment data

\ : . c
by three economic environments: gosd § , s f)a i ra n(fgecd@Yavailable, but also to decide on the number of
(s ). For exampl e, lha 9o d‘gition%l%cﬂ\@iﬁe@ 'to(fequgspo}/tb rbt@r! Re8ibs howttoh €

probabilities of high, medium, and low shipment deman : X .
scenarios are 80%, 10%, and 10%, respectively. In a faﬁllocate and load cargo into containers in biub and the

economy, these probabilities change to 10%, 80%, and 10f%a,gi°ns'
while in a bad economy, they bese 10%, 10%, and 80%.
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The computational results demonstrate that the proposed
robust model can generate a sustainable air container booking
and cargo allocation plan under dynamic shipment

information, effectively reducing container usage and,4]Y. Wu, -iésponskdoanmarding approach for containerizing
consequently, lowering levels af gollution cargoes under uncertainty, based on stochastic mixetl
’ ’ pr ogr anEwbpean Jaurnal of Operational Reseaysiol. 207
no. 1, pp. 152164, 2010.
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Abstrach The islands face significant tourist pressure, law in the same line of all the EU to reduce to zero emissions
leading to increased consumption of water and energytwo in 2050.

resources that are becoming scarcer and more impactful each Water creates tensions with other economic and social
year due to climate change. During peak seasons, most sectors due to its scarcity causing network outages for
destinations exceed sustainability fresholds. In the  residents. Formentera have to produce the 100% of the water
Mediterranean islands, the summer months experience the yjth desalinization and Ibiza the 43 %, Mallorca and Minorca
highest tourist influx, coinciding with the period of greatest  tha gesalinization is leghan the 10% because they have more
solar radiation and water scarcity. In the Balearic Islands, for ;4101 resources and less density population. They use reverse
example, the population doubles in high seaspoausing a sharp oo qqjs systems that have a high energy consumption
rise in water and energy consumption. It is estimated that hotels between 3 to 6 kWh/fThe desalination in Balearic Islands ’

directly account for over 15% of annual energy consumption
and 24% of water usage. This study analyzes available data on have about 162 GWh/year and near 96.892't1[frl.3Q/year
[3]. The cost of water from solar desalination systems

energy and water consumption in hotels across theaearic . L
decreases as production capacity increases.

Islands. Its main objective is to propose systems with zero ' .
impactd bot h  in terms of co e mPOEg Hetel gompanjeg that\pave the headquarters in the
consumptiond that can be applied to other islands as well. A Islands and are present in all the world, they have start to
hotel equipped with rainwater storage and greywater recovery ~ reduce the C@emissions and apply sustainable policy in the
systems can reducéts reliance on the public water supply by ~ water management and waste recycling, they want to be zero
more than 60%. When combined Solar Energy with a muli  emissions in 2030, but this could be applying in all the hotels
effect vertical thermal seawater distiller or a reverse osmosis at Balearic Islands by law in the next 20 years. In order to
system, network energy and water consumption can be reduced reduce waste generationnse hotels have reached agreements
to nearly zero. with local farmers to implement the circular economy

i concept.
Keyword® Renewable Energy, Sustainable Hotels: Heat

recovery, desalination, water savings ENERGY CONSUMPTION

The average annual energy consumption in hotels is 154
L , . kWh/mz2, with August averaging around 24 kWh/méth a
The tourist industry is amongst the most dynamic areaggo of fossil fuels for thermal uses according [1], and another
within the services sector, and this is especially the case #pos for the rest of thermal uses with electricity (cooling,
Southern Europe (France, Greece, Italy, Spain and Portugal)e f r i ger at i on, etc), t he ot
[2]. The Balearic Islands have historically been one of theonsumption (elevators, lights, pumps,..). The usual design
primary tourist dstinations; there are about half a million for thethermal demand of a hotel in the Islands is a Heat Pump
beds available, and it is the first destination for Spain, lagHP) with Heat Recover for cooling and freezing with
year have arrived in the islands 18,7 million tourist, with aelectricity and support gas boiler Heating grdduce the
total of 205 million of night spends. Many successful hoteDomestic Hot Water (DHW), the use gas for kitchen devices.
companies that have emergagring the last few years are

INTRODUCTION

Table1: Energy consumption in Balearic Islands Hotels

now exporting their experience to other expanding Electric Thermal Energy
destinations. Category Number | Consumption consumption kWh/ n¥
However, one problem of almost all the Islands, including (MWhlyear) | (MWhlyear) year
the Balearic Islands the energy model is that it was based on 4" -5* 368 133.353 109.107 377
imported fossil fuels [1], only the 3% of the energy is from— 2 288 61.300 40.867 237
Renewable Energies Sources (RES), from this the 16% of th% 2 105 7539 4.059 158
electricity prodiction is from RES. In 2019 was approved a pariments 333 80.774 26048 129
Other 25.073 195.569 130.380 65
TOTAL 26.767 458.535 310.459 154
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The last years to increase the energy efficiency and reducgher tropical plants from the gardens. Some of them have by
de fossil fuel consumption, hotels are changing the facilitiemunicipal law a rainwater recovery and use wastewater
design and are unifying the thermal systeifmsating, cooling recycling for the gardens, very common in the islands
and hot waterin one by changing the conventional fossil fuel throughout centuries, due to the low water resource, but
boiler by HP or using Biomass boiler, combined with solareventually this sustainable sign was abandoned, and the
photovoltaics (PV) and solar thermal (ST) systems. local government has taken the responsibility. The rainwater
in Balearic Itands with an average of 419 mm/year could

ver more than the 30% of the annual consumption of a hotel
or apartments, if they have the drainage and storage tank
similar to the residential buildings, this water could be used
with a few treatments (filtemal chlorine) in the building like

drinkable water. The lowest water consumption of a hotel
uld be less than 120 l/person day applying all the water
licies commented before. In the Balearic Islands about the
37% of the human consumption is due totth@ism, which

From different energy audits we found that the average annu
energy consumption may reach 130 kWh per bed.
Installing between-2 kWp per bed (5 ) and about 1 Aof
Solar Thermal we could arrive to zero £@missions [1].
Actually, less than the 10 % of the Hotels in Balearic Island
have solar systems, PV or ST. In Mediterranean countries wi
solar thermal that could be very easy to cover the 70% of trBeo
energy consumption for hot water [2] and supportihgat

systems. The main problem of the STtie overheating when has a direct impact in the total water consumption as we see in

they have low occupation periods or at very high SOIafable 2. We can see the hotel consumption by category [5]

radiation, they must empty or use au_X|I|ary cooling system hich means a big difference in hotels with sustainable system
Some thermal systems have been disabled or replace by hotels without water management policy

PV systems because they are more easy to maintain and wi
higher savings, with the big advantage that the over Water Uses
production could be sent to the grid. Using adsorption or Pooland Spa:
absorption systems could aavay to use all the ST potential, Cleaning; 8%

another solution will be using the extra heat for desalination ~  ™"“’q Bathroorr; 25%
water System kitchen; 7%

WATER CONSUMPTIONIN HOTELS

The I slandés hotels consumec.a
summer when the occupation is higher, in some hotels the total "% R
consumption is higher than 500 |1 - Pn day, due
the services; bathroom, restaurant, garden, pool, laundry... the
averagds near 356 l/person day, if we only count the room
consumption [5]. A single room can consume between%0 m . )
and220mper year. Usually, a hotel ogouglyagrysgsfopatigel j n o o5
water consumption by around 50% compared to room use
alone. A hotel without a garden ynaonsume less than 200 SOLAR DESALINIZATION
litres per person per day, whereas one with a garden can o o
exceed 350 litres per person per day [8]. In the Balearic SoIanoweIed seawater desalination was applleq in some
Islands, hotels are legally required to have a water reservdirS | @ndos in the Atlantic (Ca

capable of storing thriome day88nNEsi @n oFtijti?'taYi%to%%_'mglé)
century. They are especially eff |

especiall

laundry; 16%

ective for small islan
Some hotels recycle greywater for toilet flushing or useommunities or offgrid setthgs, where traditional water
reclai med water supplied ibfjastruttiieds lackifyemod éxpefsive toWaikdineSeraetoe
Treatment Facility (WTF). This can reduce waterthem they have been changed by RO or hybrid systems. The
consumption by up to 50% [4] and generate significantolar desalination has evolved significantly from basic single
economic savings, as reclaimed water isdgfly 4to 10times  stage evaporation systems to advanced raffct
cheaper than domestic supply. In the beginning of the touristiechnologies, some of them still in research stage. Early
period (60 and 700s) was U sétholls rélidadn simple soldrodtil, | usinghsanfight td h e
WTF, but nowadays almost all the tourist areas have centralaporate seawater and condense fresh@ateprocess with
domestic water and WTF from the council, in Balear very low efficiency, typically around 1@0%, due to high
l'slanddés only some hotel s therfal Méséshn@ NiMitdd outpue rMddemh tnRieflect a n d
Menorca they still have WTF, but the rest have been integratefistillation (MED) systems, often powered by solar thermal
in the municipality system of WTF. energy, use the latent heat of condensation in multiple stages,

Table 2: Water consumption in Hotels vs. Residents greatly increasing thermal efficiency. These systems can now

Water Consumption Hotels and residents achieve e_fficiencies of 5J0%, with much lower energy .
Max i danflyear consumption per cubic meter of water produced. This

Category | |1erson day | Iiperson day evolution represents a major step forward in making solar

5* 550 180 1.790 desalination more viable, scalable, and sustainable.

*

g'* ‘3"28 138 1;'%; The low price of the PV systems could open another

1% 280 120 477 system, with Reverse Osmosis (RO) systems that have higher

Apartments 295 110 13.882 efficiency (producing 30 to 100 liters per kwWh), they require

Residents 202 46 55.740 extensive maintenance and can only run on electricity. In

contrast, the new MED syshs offer great potential due to
ability to utilize heat from the different sources (Solar

Some hotels have chantgee usual garden with grass to J’(yermal, Heat Recovery, Biomass, Biogas,..).

change a Mediterranean garden, with plants that can survi
only with the rainwater, taking out almost all the grass and
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HOTEL WATER-ENERGY ZERO IMPACT These systems can produce &llmand more than 5 liters of
Actually in Balearic Islands there are hotels whichWwater per kWh and operate at temperatures between 40°C and

consume energy from 100% renewable sources (only witf> < \:vhic? g?]ren;:on;nfwlo? ir; ?tandﬁrd thfat I@‘,‘D’gps d"";t.n he8at
solar thermal, photovoltaic and biomass). The reduction JFCO}[’he yRo In most fla pate co ecols (d )'d llj.' 9 d
cost of some technologies (PV and Hydrogen technologie&)ONS: REVErSe 0SmMOsIS Systems are aiready widelynusec
could open other systems with 10a% solar energy. The ost hotels across the Balearic Islands to improve the quality
hotels with only solar energy power will have to implementOf the poor tap water commonly found in many municipalities,
smart strategies, large thermal storage and small fraction withc" hof:en conéalnihhlgh Ie\t/els_ of E[:alcmrx, sal(tj, rél(t)rg}es, .
batteries or in other emerging technologies like Fuel Cell with"'OSPNaES, anad ~other contaminants. — Aroun ° 0
Hydrogen (H) and Hydrolysis, in order to argvto zero municipalities n the Balearic Islands supply water that is
emissions systems [1]. Optimizing the energy mix of th ither norpotable or contains su_bsta_mces exceeding the
hotels according to their demand and the available surface wifi'¢Sholds set by public health guidelines. In the proposed
be best scenario, using biomass or solar thermal witCt!S, reverse osmosis could also be applied to treat
photovoltaics and small percentage of hydrogen in order tyaStewater or seawater, enhancing wateuse and
arrive to 1006 of renewable energies. See at the table 3 sonStainability In contrast, the new VMED systems offer great

scenarios with renewable energies for the averaged hotelsfgiential due to their lower maintenance costs and ability to
Balearic Islands [1]. utilize thermal and waste heat from heating, ventilation, and

air conditioning (HVAC) systems.
Table 3: potential of renewable energies in Hotels[1]

_ The hotel as well have to use all the waste water from the
Category kwi?rf;gyiar kwgihi\fel ST n? /hotel condensation of the HVAC system in order to increase the
recycled water, and reduce the global impact.
5* 377 1047 256 . : ;
T 237 564 138 We could have design a system in the Hotels that combine
3+ 158 175 33 VMED and small fraction of RO in order to have more
o 120 148 23 redundancy and reliability. The combined production of many
1* 65 64 9 products is advantageous both in terms of primary energy
Average 101 200 100 saving (less C@emissions) and economical profitability [9].

The only bad impact of the RO is the amount of salt water they
i . ) _throw into the sea or the sewer, on the other hand, VMED
We have studied the Best Available Techniques (BAT) inevaporates all the water and only produces pure salt that can

different hotels from the Balearic Islands and apply to a reade used as a byroduct to bost the locaéconomy.
Hotel with the information of the energy audit, with a bigger

impact than the average for propose a new design, there are Other combinations could be made, like 100% with
hotels with lessoccupancy, larger surface and open les¢/MED and the HVAC systems only with Solar Thermal
months that will be easier to apply a good design to be Ze,(@bsprpnon or adsorptlon_), thls has been analyzed in ot.her
impact. The studied Hotel has a high occupancy all the ye&tudies have made combination of two solar polygeneration
(near 62 %), with 670 beds and 16.000 ahtotal surface, plants, can|sted of thermaﬂyand eletrically-driven _
located in Palma bay in Mallorca,an area with a lot of tourist t€chnologies for the production of freshwater, space heating
during all the year. In this case we have analyzed the wat@fd cooling, domestic hot water, and electricity. One combine
energy consumption of the hotel and increase to the g|obg1v anq ST cqllectors, an absorlptlon chiller, and a multi effect
energy, with renewable energies a PV power of 1,5 kWp p(§}|st|llat|on unit. The other combine PV panels, hmahps for

bed and ST 1,8 #bed. space heating/cooling and DHW, and a reverse osmosis unit.
_ The obtained primary energy savings, avoided €@issions,
Table 4: Example of 4 stars Hotel 100% with RES and simple payback period were equal to 32.2%, 27.8% and
Characteristics of Study Cace4 stars Hotel 12 years, respectively [6]. The study confirmed that, in the
N° of beds 670 | Beds current energy market, PV panels coupled with electric driven
Total Surface 16.000 m? . . .
Storage tank 500 = HPs are more profitable than concentrating photovc_)lta|c and
Unitary water 196 liperson day themal  collectors  coupled  with  thermaityriven
Water cons. 31.657 mlyear technologies.
PV ‘11:888 ;Vz\/p Another possible option in the future for Hotels will be for
1.000 | kWi example, use biogas or green hydrogep) kbm the gas
ST 1206 | m? company or generate in the same hotel with a Hydrolyzer, and
Energy cons. 1.230.349 | kKWh use a fuel cell to produce energy and water in the Hotels, will
Unitary Energy] 2163 kWh/bed year be a double system to decarbonizing the Islands and use the
Energy Cons. 167 KWh/ e wasted water from the fuel cell to feed the water syst#ith

Hydrogen a Hotel could generate the 100% of the energy

) ) consumption but only the 2% of the water consumption.
The Hotel will need to storage and collect all the rainwater,

reuse gray water, reduce the water consumption of the garden, Act ual I’y in the Balearic Is
with only these will reduce more than the 50% of the wateWith green Hydrogen [1] and very few absorption plants,
consumption. The building need a good design can use tigcause they need a bigger investment and maintenance, the
energy from theHeat Recovery of the AC systems andbiggest advantage is they need lower surface due to the higher
overheating of the Solar Thermal system in some months gfficiency of the STin front of the PV. The new system
desalinate the sea water. Using all the heat with the nelpstalled in all the hotels that are improving their facilities are
prototypes that are using mtmﬂect Vertica| (MED) So|ar Heat Pump Comb|ned W|th PV to Cqur a” the thermal and
distillers they have achieved efficiencieseeding 400% [7]. €lectric demand ( DHW, HVAC,..), in some hotels have a
yearly positive balance of energy, withdyparity systems.
ISBN: 978618576506-4
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the environmental footprint of tourism and lowering the unit
operating cost per bed. The Tourism could provide annually
all the water that the residents needs with this designs. By
adopting renewable energy solutions, tourist islands can
become more compgve and sustainable. Agving netzero
energy and water emissions by 2050 is now technically
feasible, but it will require substantial investment, complete

refurbi shment, and a full
systems.
/\\ / Table 6: Future waterenergy Hotels vs. Residents
\/ Water Consumption Positive
o we am wn e we sme e e o Energy
Actual Future MWh/year
_ ) ) Category dam?/year dam?/year
Figure 2: Monthly energy and water consumptieproduction for 5* 1.790 586 155.600
a Hotel with zero impact (left axis Aright axis kwh) 4% 11.017 3.856 187.515
3* 5.268 2.169 40.658
_ . . . 1*-2* 478 205 238.557
To achieve zero impact in emissions and water, hotels  |“Apaments 13.882 5647 206.077
would need around 8 m2 of solar collectors (both photovoltaic Total Tourism 32.435 12.463 828.406
and solar thermal) per bed, covering roughly 30% of their Residents 55.738 12.693 | 2.506.216
surface area. In Hotels with low surface available they could
install PVT systemsThe solar energy is covering almost the
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energy for seawater distillation.

Table 5: Example of a hotel with zero impact in water

Uses m3/ year | percentage| Energy (kWh)
Gray water 9.045| 29% 13.568 [1]
Rainwater 6.704| 21% -
Solar Thermal distillation 3.877[12% 646.145
Heat Recovery distillatior| 7.153| 23% 1.192.191 2]
Condensation 678| 2% -
R.O. 4.201| 13% 126.018
Total 31.657| 100% 1.977.921]
[3]

The studied hotel annually 9,045 of wastewater could
be recycled. So, the cotiat of
can be lower than the price of freshwater in our community
(from 1 to 4 times bigger depending on consumption) [4]. [4]

The hotels couldise as well all the recycled wastewater
for the garden and other uses in order to reduce even more tlme
impact of the water uses, and arrive to zero wate
consumption, and have positive water production for the
Islands and the local farmers improving thewliar economy. (6]

( GRAYWATER
Treatement
Condensation
from HVAC IRRIGATION
POOL
EVAPORATION  KITCHEN AND
DRINK [7]
wc Shower
m ML
. Gt R (8]
sl DESALINZATION
s roer Facility

Figure 3:Sankey diagram of a Hotel with zero impact in water  [9]
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CONCLUSIONS

Hotels can achieve zero or positive impact on water and
energy by using 100% solar energy with currently available
technologies. This would allow them to fully meet their
energy demand and water consumption, significantly reducing
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AbstracH The increasing extent of burned forests in Greece
underscores the need for innovative restoration. This paper
presents a mulching intervention in a 6€hectare area of Evia,
where burned biomass is reused as a leeost tool for soil
stabilization and vegetaion recovery. The approach follows
circular economy principles and is supported by the
ANTINERO program under the Recovery and Resilience
Facility. A smart monitoring system with sensors, GIS, and
field data evaluates effectiveness. Beyond tedbal aspects,
mulching is framed within New Public Management, with
indicators for efficiency, sustainability, and institutional
readiness, including the Soil Conservation Factor. The Evia
case illustrates both ecological and administrative innovation,
offering a model for integrating mulching into national post
fire restoration and climate adaptation strategies.

Keywords: Posfire Management; Circular Economy; Biomass
Utilization;  Administrative  Readiness; New  Public
Management

INTRODUCTION

Wildfires in the Mediterranean cause severe ecological and
sociceconomic damage, making innovative restoration
practices essential. In Greece, restoration is a legal and
institutional obligation. Mulching reduces erosion and
stabilizes soils, combining elogical effectiveness with

administrative  sustainability [B]. International
experience underlines the need for institutional
recognition, while KPIs and CSFs link ecological

outcomes with governance. This study explores: (i) the link
between mulching, RM, and the circular economy, (ii) the
role of institutional integration in resilience, and (iii) the
contribution of international experience to Greek policy.

Mulching as Circular Economy Practice
Mulching, the coverage of burned areas with shredded
biomass, is widely recognized as an effective fiost
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measure, reducing erosion and aiding regeneratiody.[1
Beyond its ecological role, it requires institutional
recognition, linking it to efficiency and adaptability under
New Public Management (NPM). From a circular
economic perspective, mulching reuse®niass, cuts
costs, and reduces reliance on external inputs, consistent
with EU green transition guidelined][ Its effectiveness is
assessed through Key Performance Indicators (KPIs) and
Critical Success Factors (CSFs), connecting ecological
outcomes with governance and administratiar8]5

NPM AND INSTITUTIONAL INTEGRATION IN POST-FIRE
RESTORATION

Applying NPM principles t o
efficiency and accountabilit
performance [f%le aPoisrte merneest or a
framed as an administrativel
by efficiency, sustai dn&biit
Evidence from the I berian Pe
shows that mulching succeeds
and monli't:dtli ng Greece, wher e
remain fragmented, such i n
cosn stent adoption by the For
APPLICATIONS OFMULCHING IN GREECE AND THECASE

OFEvIA

In Greece, mulching has been applied only sporadically in
nonforest contexts, such as geotextiles in Olympia (2007)
and plant residue coverings in Agfd®. This study

presents the first organized forest application (Afrati, Evia,
60 ha), selected for its erosion risk, vegetation loss, and
biomass availability. Biomass was shredded through the
ANTINERO program, applied in ai8 cm layer, and
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complemented by log barriers and check dams, In Greece, by contrast, documented forest applications are
emphasizing low cost and administrative integration. An  absent, with reliance on costlier, shiiwed measures

innovation is smart monitoring with sensors, GIS data, and 52 The review underlines the need to integrate mulching
regeneration indicators, linking mulching to both strategically into the Forest Service, supported by KPIs and
ecological and administrative resilience. sustainability indicators, to strengthen resilience under

climate crisis conditions.
BIBLIOMETRIC MAPPING OF THERESEARCHDYNAMICS ON

MULCHING COMPOSITEEVALUATION INDICATORS

The Evia application gains significance when linked with In the NPM framework, mulching is evaluated through
international evidence. A bibliometric review (Scopus, composite indicators reflecting efficiency, sustainability,
VOSvi ewer) confirmed il c h iamddgnétitutionalireadined&!d!! These gnoompass three
restoration measure, with rapid growth after 2020, categories: (i) environmen&amoisture retention,

particularly in Mediterranean countriesich the United regeneration, runoff; (i) administratiecost
Stated!6.17:12] effectiveness, institutional integration, acceptance; and (iii)
ocuments by Yeor (Scopus bat technologicaj smart m(_)nitoring via sensors and GIS.
T Their use links edogical results with governance,
e Contadrpie | 4 transparency, and strategic planning, reinforcing the need
" / for institutioral recognition.
’ RESULTS

This section combines bibliometric analysis, NPM
indicators, and data from the Evia pilot, highlighting
international trends and the potential for institutional
integration in posfire management. The KHs
environmental, administrative, and technologichhk
technical effectiveness with sustainability and evidence
— — — — — — based decisiomaking. The bibliometric review (Scopus,
2020'2025) shows a sharp pe&d20 rise in mulching
' . . o . research, concentrated in Spain, Portugal, and the United
Figure 1: Annual evolution of publications on mulching, . . .
governance and sustainability (Scopus, 202025 States. Keyword mapping emgsized postfire
rehabilitation, erosion contral resilience and climate
adaptation while the absence of Greek forest applications

Number of Documents

The analysis revealed three dimensions: (i) techiical underscores institutional and scientific gaps.
erosion control and hydrology, (ii) ecologiéatesilience
and biodiversity, and (iii) administratidegovernance, . - .
sustainability, circular economy, and NPM. Keyword 3= R &
mapping emphasizegostfire rehabilitation erosion . , N o ". 3 e =
control, resilience andclimate adaptationreflecting the [ e v
global shift to sustainable restoration. Research is - «-—':‘j - AN =
concentrated in the Iberian Peninsula and the United States, o -’ - ——
where mulching is systematically appliéttel e S /)
Distribution of publications on mulching by country (Scopus - - - - - ‘._ r
,:"ﬁlﬁ'\!-:;l' # - =) v
Australia f
United Kingdoen f n
China 15 Figure 3: Keyword ceoccurrence network on climate
Netheriands L adaptation (clusters: sustainability, adaptation, risks,
aly - mitigation)
;mrt . The absence of forest applications in Greece underscores
indi i institutional and scientific gaps.
E 3':.‘||' 1
"mrl’:'l' 4
Saucs'l
3:11]031.";}
Portugal
s:u'}
*l.-sf'ol i

Roman -"l' ]

0 10 20 0
Humbes of publications

Figure 2: Geographic distribution of mulchingelated
publications (Scopus, 200Q2025).

ISBN: 978-618576506-4
ISSN 30574269 15 ESCC205



Figure 4: Author collaboration network in governance (main
groups and interconnections).

OS viewer mapping revealed three main axes: (i)
technicad erosion and hydrology, (i) ecologiéal
resilience and biodiversity, and (iii) administrative
governance, sustainability, circular economy, and NPM.
This tripartite framework positions mulching astib@n
ecological and an institutional strategy.

SYNTHESIS OFBIBLIOMETRIC FINDINGS AND INDICATORS

The bibliometric analysis identified three clusters: (i
mulching and erosion control, (ii) ecological resilience and
adaptation, and (iii) governance and sustainability.
Correspondingly, three composite indicators are proposed:
Efficiency, Sustainability, and Institutional Readiness,
aligning with NPM principes and turning mulching into a
measurable policy tool.

CALCULATION OF INDICATORS

Bibliometric analysis confirmed a surge in mulching
research after 2020 [12, 16, 17], while in Greece, its lack
of institutional integration reflects an administrative lag.

To address this, three composite indicators are proposed:

Efficiency Index (El) Measures the impact of mulching on
reducing runoff and erosion: El = {@m/ Q] *100, where
Qc = quantity of runoff/erosion in the control plot, and Qm
= quantity of runoff/erosion in the mulched plot.

Sustainability Index (SI): Evaluates lotgrm ecological
improvement (e.g., organic matter, vegetation co\&ry
[(V-Vo) Vo] ¥100

where Vm= value of ecological parameter (e.g., organic
matter, vegetation cover) in the mulched plot, and Vc =
value of the same parameter in the control plot.

Institutional Readiness Index (IRKEaptures the level of
administrative capacity and institutional integration of the
techniquelRI = (G+T+P)/3

where G = existence of standardized implementation
guidelines (01),

T = training of staff and crews iQ),

P = integration into policies and programs1 ¢ ogether,
these indices link environmental performance, Kergn
sustainability, and administrative integration. International
experience shows they act
to institutionalized policy*®'*l The Evia case can thus
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serve as a model of ecological and administrative
innovation if supported by monitoring and formal
recognfion.

PILOT APPLICATION IN EVIA

The 2024 wildfire in Afrati Evia, provided the site for
Greeceds first organized mul
its erosion risk, soil loss, and biomass availability. Biomass
was shredded and applied in 853cm layer, with log
barriers along contours to reinforce erosion adntA

smart monitoring system with soil sensors, GIS data, and

regeneration indicators linked the intervention to
efficiency, sustainability, and institutional readiness
metrics. This pil ot demonstr

ecological measure and aadministrative innovation,
offering a model for national forest policy.

CONCLUSIONS ANDPERSPECTIVES
RESEARCHLIMITATIONS

The study is limited to Evia, sheterm data, and eaHy
stage institutional adoption. Broader applications, {ong
term monitoring, and standardized national procedures are
needed.
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Abstracd Climate change and extreme weather events
constitute a major threat to traffic safety and to the integrity and
the operability of every transportation system. Storm surges,
wildfires, floods and hurricanes may produce unforeseeable
damage to passengersyehicles and goods, as well as, to the
transport infrastructure.

Among these climate hazards, floods are the most damaging
event. With respect to the road traffic and infrastructure,
specifically, devastating floods occur frequently, ruining
roadways and bridges and causing fatalities.

At international level, the concern about flood risk has
gradually been amplified and respective action plans have been
elaborated in Europe and elsewhere. Protection measures
against flooding, implemented in various countries, are reported
to have producel beneficial effects on the network integrity.
However, it must be clearly stressed that the current situation in
the industrialized world is far from being ideal or even
significantly improved.

The hereby dual digital concept for flood risk assessment
over road networks or road corridors has a proactive character
and is meant for Road Operators willing to safeguard the
infrastructure and to protect travelers. It consists of a digital
flood-testing model and a digital twin model.

The digital flood-testing model makes possible a virtual
inundation of the road corridor or the road network and the
surroundings by rainfall water over a return period of 200 and
500 years. Every proactive measure or set of measures against
flooding, to be potentially taken, can thus be tested and the
respective outcome, in terms of flood impact alleviation, can be
evaluated.

The digital twin model is an interactive tool providing reat
time information, in case of flood. It follows constantly the rise
of the flood water level and forecasts emergency situation.

By means of these digital tools, Road Operators can identify
the most vulnerable and the safest Road Corridors, as well as,
spot lowlying and flood-prone road segments along Critical
Corridors. Accordingly, they will be able to plan actions to
upgrade andreinforce the deficient infrastructure but also to
elaborate suitable emergency plans in order to effectively face
aggressive events of extreme severity.

The paper presents the layout of this dual digital concept and
some measures to upgrade lolying road segments by
conventional and innovative techniques.

Keyword$® road, infrastructure, flood, hazard, measure,
digital, model

BACKGROUND
During the last decades, the frequency and the intensity

extreme weather events marked a net increase worldwidé&"
Aggressive events, such as, floods, storm surges, wildfires and
snowstorms, constitute a big threat to the integrity of the road
transport gstem, since they can severely harm critical roa

assets and the infrastructure. The threaly become even
more severe to drivers and travelers, unexpectsullgedto
face harsh weather events. In the field of road adaptation

climate hazards, multiplscientific approaches and protective
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measures taken have not produced yet the expected results.
The road transport sector still suffers from climatic hazards
and undergoes severe deterioration in the advent of extreme
weather events, often turning into disasters. The need for a
method of relble risk assessment leading to proactive and
reactive measures with view to reinforcing the road
infrastructure and to protecting travelers and vehicles still
remains 1J.

Among all climate hazards, flooding is certainly the most
common and the most disastrous, since global temperature
rise produces heavier and more frequent rainstorms.
Consequently, devastating floods octaguentlyworldwide.

In 2024, disastrous floods were reportechave taken place

in India, Bangladesh, Chad, Niger, BraZl,[as well as in
many European countries, namely in Spain, Germany,
Belgium, Czech Republic, Poland and oth8uch flood
events produce severe damage, fatalities and a totle e
situation. Recovery is always long and full of impediments.

Road infrastructure is typically designed to withstand high
rainfall intensity. Road engineers take into account historical
data on weather events, to design drainage assets, culverts and
pipes of sufficienstrengthand capacity. However, it seems
that, recently, the historicabcord on natural hazards is no
longer a reliable predictor of future disast&s [Harsh events
of extreme severity become more frequent and the rate of
return for the design of drainage assets climbs from 50 to 100
and, possiblyto 200 years [4, 5, 6].

The serious concern about the vulnerability of roads and
streets with regard to climate hazards has driven Road
Authorities and Institutions to conduct research on the subject
and to develop guidelines for the protection of road
infrastructure 3, 6, 7, 8, 9, 1D Moreover, individual
scientists and researchers have proposed risk assessment
methods and reinforcement measures to fight against climate
threats [11 12, 13. Protectionmeasures againfiboding,
implemented in various countries, United Kingdom,
Denmark, Franceand other, are reportedto have produced
beneficialeffectson thenetworkintegrity [14, 15].

However, it must be clearly stressed that the current
situation in theindustrialized world is fafrom beingideal,
since incessantly and every year devastating floods occur
worldwide ruining properties and causing fatalities. A method
for flooding risk assessment on local scale and an emergency
X ol for timely alert about the oncoming flood are persistent
allenges and fields for further research.

RoADs AND FLoODS
Climatic stressorareclimatic factorsof very high or very

qow values. Long and heavy precipitation, rainstorms,

snowstorms, high temperature, tornadsterm surgesind
ggher, are climate stressors generating hazards of harmful
impact on road infrastructureHazards associated with
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climate stressorare floods, landslides,wildfires, droughts infrastructure and assef3, 7, 17, 18 Most of them are of
and sea level rissyhich havenultiple impact omoadstraffic ~ general character, that is, not specifically elaborated for each
andthe environment. While it is very difficult to annihilate a road or street network under consideratighable 1).
climatic stressor, it is possible and mandatory to fightNeverthelessthese methods may be a powerful tool in the
effectively against a hazard. fight against flood hazards.

Plains,valleysandflat terrainmay besubmergedinder -
heavy rain or rainstorm conditionsif the runoff volume
exceeds the discharge capacity of drainage agseextreme
rainstorm is likely tayenerate 8ashflood while aheavy and
persistentainfall will probablyproducepermanentlood. In
either case,the road infrastructurerisks to get inactive. A
short length segmentbeing submergednay cut off an
importantroadcorridorof manykilometers [Fig.1].

In this regard, research institutions and scientists
developed methods of flood risk assessment and propose
measures to fighagainst flood impact on roads.

The first operational European system monitoring and
forecasting floods, across Europe, is the European Flooc
Awareness System (EFAS). According to its internet site, the
aim of EFAS is to support preparatory measures before majo
flood events strike, pacularly, in the large transational
river basins and throughout Europe in general. Since 2012,
EFAS is running fully operational as part of the Copernicus
EMS [16]. Some international institutions strive to elaborate
methods of proactive intervention tprotect the road

Figure 4: Sometimes an important Corridor gets inactive jus
because of a local submersion

Table2: Flood Risk Assessment Methods and Models (from literature search)

Flood Risk Proactive Measures
Institution Assessment of Area / Network - Reactive Measures
Roads General Specific
PIARC 2015 . Assessment of Road network Structural and . .
(All Hazards) impact sevg_nty and green Using algorithms -
probability
EU /Van Ginkel et al, 2021 Inundation maps Region
(Floods) and digital models ) ) )
AUTH 2020/ Mouratidis - Road network Structural, green
(All Hazards) and digital ) )
FHWA 2024 / Leung Digital model + Al Street network
(Floods) ) ) )
EU ROADAPT2016 (All Vulnerability TEN-T network Structural and Usi .
sing algorithms -
Hazards) assessment green
WORLD BANK Vulnerability and Road assets Emergency
(All Hazards) road assessment ) ) planning
EFAS 2011 Forecast model Postevent &
(Floods) precipitation maps ) ) )
EEA 2017 - Vulnerability by Structural and
(Floods) region green ) )
UK, Univ. of Huddersfield - Roads, streets Structural and
Mushtag M. et al. 2024 (Floods pavements green ) )
FLOODS, TRAFFIC AND ROAD INFRASTRUCTURE
Floodsmay overflowa significantpartof land, structures, Table 3: Flood -Induced Risks
habitationsand the road infrastructure,namely roads and High Significant Low
streets constructedon low embankments or on the ground ' Embankments  (ng , _
surface Considering human lifandhealth as the first priority | 1 Approach zlli)"fzcs';g on 3 CNZu:tlngl slectlons
in case offlooding, the road infrastructure has a very embankments | Refaining wals | 1 R% i‘(‘j”;‘)af/ g&?ms
important role to playn a concerted publiaction for the f Abutments {1 Earth shoulders | § Embankments with
safeguard of citizenand the safe movement of emergency | T Bridge piers 1 Gravity walls slope surfacing
vehicles on théransport network. Therefore, it is important to | T Wing walls f Embankments or 1 Vegetated slopes
perceive, not only the risks to the integrity of road assets steep slopes

generated by flooding, but also the risks related to traffic

safetyduring orin the aftermath of a flood event. Table4: Traffic Related Risks

High Significant Low
Several floodnduced risks, related to the integrity of the | 1 Heavy trucks on| 1 High-speed | 1 Traffic on road with
infrastructure (Table2) and to traffic safety after excessive saturated on littered /| weathered markings
flooding (Table 3), are displayed and classified by level of |  €mbankments wet asphalt| { Traffic on roadway
severity. 1 Heavy trgcks on courses at cutting sections
unstable bridges 1 Heavy trucks after landslide
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High Significant Low assets, red line uplift at short, ldwing, road
1 Unsuspended traffig on distressed  debris removal segments)
before poshazard| pavements _g_ _ _ _ _
inspection and The Digital Testing Concept is designed to provide
placement of signagg answers to crucial questions regarding risk of flooding over

Engineering structures, including drainage systemsr,oad and street networks:
bridges andculverts are designed to withstand flood A Which corridors are at high risk of flooding?
conditions over a return period of 50 and rarely 100 years. A
However, recent catastrophic events all over the world proved
that rainfall intensity and height may overrun these
assumptions. A What are the most effective engineering measures
(widening riverbed, raise red line, artificial ponds,
vertical wells) to prevent this submersion?

How deep and how long would this submersion be by
corridor?

DIGITAL MODELS TOFIGHT AGAINST ROADWAY
SUBMERSION AND TOMINIMIZE FLOOD IMPACT ON TRAFFIC

On a scale of a region or a towhjs very important to
identify proactively thesafestoad corridorsas well asthose On ascaleof acatchmentrea,it is importantto examine
of uncertainoperability under flood conditions.By contrast andcheck on the impact of extremerainfall eventson the
to the general methods proposed by most research institutioegentual submersion of the transport infrastructure. This may
and associations, what is really needed isfisessment of the be carried out using digital ground models, simulating the
submersion risk for the road/street network and of theerrainand the road corridors. For each increment of return
effectiveness of some proactive measures. In this rdgard, periodof rainfall, the runoff volume may becomparedo
costengineeringpperationsover unsaferoadcorridors, such  thetotal dischargecapacity. On a scaleof a road corridor,
as profile uplift or additional drainage systems, mpsove the waterlevel of a flooded area may be juxtaposed to the
beneficial,oncethesdow-level segmentsareidentified. profile and the retine of the infrastructurghusunveilingthe
parts/segmentsndthe rateof submersiorby corridorlength.
Since, extremeainfall eventsareso frequentnowadays, this
%garchand checkingmustattain,at least,a return period of

Oor 500years.

A What is the cost of these measures?

Moreover, the realime observation of a flood evemtith
respect to the road/street netwankay prove decisive in an
emergency plan of evacuation and intervention. Roads ne
remain operand traffic must be directed safe corridors.

The innovative hereby method consists of:

a) A digital flood-testing model that is, of a Digital
Ground Model (DGM), where the advent of a flood incident
is investigated, in terms of road/ streetridors submersion.
Moreover, every potential measure or set of measures is teste
over the DGM and the respective outcome, in terms of flood
impact alleviation, is evaluated. Thus, the beneficial impact of
every measure or set of measures and the magpeost is
recorded. Figure 5. Sometimes an important Corridor gets
inactive just because of a local submersion

safe corridor
SRS CON OO, unsafe corridor

b) A digital twin model, consisting of a set of sensors,
floating balls and CCTV, adequately placed on river banks,
drainage pipes and culverts to identify the rate of groundwater THE DIGITAL -TWIN MODEL

rise and the probability of flooding, likely to affect the road o ) ] i )
and the streetatwork. The DigitatTwin Model is the reactive tool in the case of

a potential flood event. It consists physical indicators,
THE DIGITAL FLOOD-TESTING MODEL namely, sensors, floating balls and CCTV, adequately placed

The development and implementation of tiigital on river and watercourse banks, culverts, bridge piers, sign

Flood Testing Modelconstitutes the first stage of the herebypOSt.S and Qralnage systems (hardware of the Model) to
outlined method. It consists of a digital ground md@8«sM) provide reatime measurements of the water level.

of the area and the road/street network under investigation, The DT Model is equipped with a mathematical algorithm,
where peak runoff volume, for different scenarios, over able to interpret the water level measurements and to deduce
return period o200 or500 years, risks to create full or partial the rate of water level rise. Reasonably, the time of
submersion tothe road and street corridorsunder concentration, gradual land saturation and other hydrological
investigation Reasonably, the digital ground model mustparameters must be takéto account for precise estimates.
simulate realistic, conditions with regard twerbed and This mathematical process leads to an estimate of the
banks, bridges, culverts and drainage systems. remaining time for eventual submersion of each wastreet
corridor and provides the Competent Authorities with
information about the time remaining to set fodttions
directing traffic to safe road links.

The implementation of thdigital Flood TestingModel
aims attwo distinct objectives:

= Pferform a Roaojn Street VuInergblllty Asses_sment In case of a flood emergency, Competent Authorities,
(risk of submersion) and classify road corridors by|ocq|, regional or other, must proceed to the following actions:
flooding susceptibility over different return periods

2. Determine Probable Engineering Intervention at
Deficient/ Low-Lying Road Segments (widening of
riverbeds, new engineered canals and drainage
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A Inform drivers, travelers and individuals. A water
height of 30cm renders a roadway unsafe.



A Suspend traffic and proceed to road closures, where Table 7: Reactive measures during flooding
water level is about to overflow road/street corridors Reactive measures Comment
A Direct traffic to safe road links Remove orstreet parking In the beginning of the floog
event
A Evacuate residential areas risking submersion Debris removal from culverts Emergency patrols
inlets
A Launch auxiliary drainage measures (if any, retention Proceed to traffic diversion to sai Traffic management
basins, emergency water gates). corridors
Continuous check on bridge{ Structural integrity of piers
satellite overpasses abutments
Divert (part of) rainwater runoff \Wherever possible
volume
Install lateral barriers and pump tl \Wherever possible
blocked runoff

CONCLUSION

Floodiinduced risks to the road infrastructure constitute a
persistentchallenge to road engineers and operators. Even
more important are risks related to traffic on roads and streets,
damaged by flood events, hereby presented. Protection
measures, in this case, are obligatory and crucial.

The present approach, introducing two digital models for
Figure 6: Sometimes an important Corridor gets inactive ~investigation and alertness, goes beyond the estiblished
just because of a local submersion methods of flood risk assessment for road networks. The
objective is to identify the most suitable measures, specifically
tailored for @ch road or street network, and to point out an
PROACTIVE AND REACTIVE MEASURES effective emergency plan in case of a flood hazard.

Setting in operatioa strategic planonsisting of proactive The proactive checking on the effectiveness of measures
and reactive measures to fight against flood hazards is the beah produce risk mitigation and save resources. It may be
option to protect individuals and properties, traffic and thecombined with green measures uphill which are meant to
road infrastructure. Even if, in many cases, this plan mayeduce runoff discharge downward.

prove partly ineffective, it is certain thatharder situation ithouah. i | he di duced b
would turn up without proactive or reactive measures, “\though, in several cases, the disaster produced by a

Generally, measures can be classified into proactive arftPed event is immense and makes any measure seem
gintless, this, in fact, is hardly true. Even in case of extreme

reactive, although, even reactive measures should be planrﬁr ; i X
in advance. azards, engineering and green measures taken proactively
may alleviate the impact tfie disastrous eveniThey must
Proactive measures are classified into two categories: apserve the fundamental triptych of fighting against floods a)
preventive measures, aiming to reduce water runoff and Reduce runoff water infloyb) Increase discharge capacity
prevent submersion of the road structure (Table 4) and Wrotect vulnerable assets, and consider human life and
protection measures, intended to reinforce the road structug@rvival as the utmost priority.

in case of upcominmundation (Table 5).
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Abstract In the face of increasing energy demand due to
population  growth, industrialization and economic
developments, nofrenewable energy resources are rapidly
depleting. With this depletion, environmental problems occur.
In recent years, because of these prtdms, the trend towards
different energy sources has accelerated. At this point, solar
energy from renewable energy sources comes to the fore with its
sustainability, environmental friendliness and low cost. In order
for the system performance to povide the best level of
efficiency, it is necessary to track the maximum power point
accurately. Various mathematical modeling methods are used to
accurately analyze the performance of these systems. Accurate
modeling of the electrical properties of photeoltaic panels is of
great importance for system design, energy efficiency
calculations and power generation predictions. This study
focuses on the single diode circuit model for mathematical
modeling of photovoltaic cells. The study presents a
comprehensve simulation analysis of the electrical
characteristics under different irradiance values and
temperature conditions. In the study, the model reveals how the
photovoltaic cell performance is affected by basic physical
parameters. Thus, the presented modelllows the analysis of cell
output characteristics (powervoltage curves). The results show
that environmental variables such as radiation and temperature
have a decisive influence on PV cell output performance. It is
concluded that despite the simplifiedstructure of the single
diode model, it can represent the practical operating conditions
of PV cells with sufficient accuracy and provides an effective
basis for performance analysis. In conclusion, this study
validates the applicability and robustness othe single diode
equivalent circuit model for PV system simulation and analysis.

Keyword® photovoltaic cells, single diode model, renewable
energy, solar energy, simulation

INTRODUCTION

As a result of the increasing energy demand due to worlg]
population growth and economic developments and the rap
depletion of nofrrenewable energy sources such as coal, ail}
natural gas and nuclear energy, we are faced with serio
environmental problemsuch as excessive carbon emission
o
nuclear energy [1]. As a result of these negativities, th
tendency towards different energy sources has gaine

of fossil fuels, air pollution, radiation and waste disposal

momentum. Sustainable and environmentallyienily

renewable energy sources come to the forefront among the§
sources. Among the renewable energy sources, solar energyd

Alkan ALKAYA
Faculty of Engineering,
Department of Electrical and Electronics Engineering,
Mersin University
Mersin, Turkiye
alkanalkaya@mersin.edu.tr
ORCID: 0000000282356726

modeling are generally divided into three main categories.
These are physicélased, datariven and hybrid models.
Each of these methods is preéstr according to their
mathematical calculation, complex structure and accuracy
levels. Equivalent circuit models are also included in physical
based models. These models are widely used to model the
electrical behavior of photovoltaic cells [3]. In litawed
studies, physical models of photovoltaic cells; single diode
model, two diode model and three diode model. Single diode
model is the most commonly used method in literature studies
[4-7]. It consists of a four and five parameter model. The
internal paameters of the model with four parameters are
photon current, diode leakage current, ideality factor and
series resistance. Single diode model assumes that the parallel
resistance is infinite. Thus, the open circuit voltage decreases.
Five parameter modetonsiders the effect of parallel
resistances. The complexity of the model increases. Two
diode model has a more complex structure compared to the
single diode model because it has an extra diodel[8In
three diode model, leakage diode current is preduxy three
diodes [1217]. As the number of parameters increases in three
diode model, the model becomes more complex. The
mentioned single, double and triple diode models contain four
or five, seven and nine parameters respectively. Accurate
modeling ofelectrical properties of photovoltaic panels is of
great importance in terms of system design, energy efficiency
calculations and power generation estimations. Maximum
power point tracking (MPPT) is a technology that finds the
highest power point of direaurrent electricity from solar
panels and maximizes the power output. Photovoltaic panels
can accurately track the maximum power point, thus
improving the efficiency and performance of photovoltaic
power generation systems [18]. MPPT control methods
shoutl be used to increase the accuracy of the model used in
odeling and performance analysis of photovoltaic panels
d to ensure the stability of the system. These maximum
ower tracking control methods include various techniques
under the title of traditiced MPPT methods such as switch and
Bbserve (P&O), incremental conductance (InC) and constant

?oltage (CV). In this study, the panel cell in a photovoltaic

odel was used in the modeling. The pammdel was
mulated at different radiation and temperature values. The
i’formance of the photovoltaic energy system under
|

fanergy system was modeled. A single diode equivalent circuit

erent operating conditions was examined in the model

imulation results.

gaining importance due to its sustainability and being a clean
energy source [2]. Various mathematical modeling methods
are usedo correctly analyze the performance of solar energy
systems. The methods used for photovoltaic (PV) system
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METHODOLOGY MoDEL oFPHOTOVOLTAIC CELL

Photovoltaic Cell Model Photovoltaic cells are connected in series and parallel with
{aach other to form modules and modules form arrays. The

In this study, the single diode model of the equivalen : :
circuit of the photovoltaic cell was theoretically investigateqré‘esu'tIng arrays determine the current, voltage and power

in detail. Model parameters, effects of environmental factor alue of th_e system. Hence the pho_tovoltalc c_eII num_erlcal
; ata for serieparalkel connections are important in modeling.
on model performance, effects of environmental factors o series connection, the voltage (V) increases while the
model performartem_ photovoltal_c systems were included N current (1) remains cbnstant. In parallel connection, on the
the study. The examined model i the basic model that defingsyary the situation i reaiized. In other words, whie the
S : " ' ._current increases, the voltage m@ns constant. The
C'rﬁu't of the photovoltaic C.ﬁq in Figure é the ph(.)t()c\ll.()lta'lcphotovoltaic system, shown in 9I]:igure 2, obtains the output
cell acts as a curresburce. The generated current is directly X o - .
proportional to solar radiation. When a photovoltaic cell is noPOWer obtained with temperature and irradiance inputs.
excited by solar radiation, it acts as a standargymction cell
diode. For the equivalent circuit of a photovoltaic cell unde|
ideal conditionsa diode and a diodearallel current source T

: . A Te Vipv
were included. However, a series and a parallel resistor we =}
= x L]

h 4

added to the equivalent circuit to obtain realistic results fron
the model. As indicated, the four main circuit elements ar

shown in Figure 1. photoltaic cell equivalent circuit. G » G Ipv
jl' +
o © AN {12
. Figure 2: General simulation representation of the photovoltaic
Rs
model
+ Rsh V

3 Modeling the Photon Current

. . @ In photovoltaic modeling, photon currenfO() is a
fundamental parameter in equivalent circuit models. When the

mathematical model of the photon current expressed by
Equation (2) is examined, it is seen that temperature, radiation
and the properties of the material used affect the photon

In the photovoltaic cell equivalent circuit in Figure@,  current.’O , the main current in photovoltaic cells component
is expressed as photon current. This current is the photamd is directly proportional to sunlight. The mainstream is
current is related to the potential to generate electrical energynstructed as shown in Figure 3.
from solar radiation. In the figurey is the voltage across the

Figure 1: Photovoltaic cell equivalent circuit

parallel diode refers to the drop. The output | to be produce
by the photovoltaic cell equivalent circuit shown in Figure 1 -
current is calculated by Equation (1).
0 0 0 1 c “
( ) | Iph
The variable AGo given in o oo sl ant al
radiation valuedj & ), 1000 in the quotient process is the
irradiance value accepted within the standard test conditior.s
(STC)."O value short circuit currenty is the temperature Figure 3: Photon current model
coefficient and T is the temperature difference. Uni

temperature coefficient A/ °C or %/ °C.
Modeling the Diode Current

p T T[",C-[) 0" © The mathematical equation given in Equation (3) is used
to calculate the diode current value. The leakage cui@gnt

leakage current. In the equatiohy temperature (K), q for a diode is calculated by the following Equation (5). Where
=1.6% T C electron charge and k= 1.38"t  J/K is the T is the temperature ani?y is the reference temperature

Boltzmann constant. | n mat YNEehiapdardtgstcondiions,whichisfakep as 2ORE6 K,

ideality factor. The voltage drop across the parallel diode it§ the forbidden energy band gap value for the silicon cell,
expressed by Equation (4). which is assumed to be 1.12 eV (for T= 300K). The equation

expressed as VT in the equation is VT= (k*T)/q.

‘O, given in Equation (3), is the diode curref. is the

(7]

"o "O 'Q . \r,] (b’Q (3)
oog—TQ,,Y&)p o O Y Qi :O’ PP (5)
voOROTEYY
00 o oY (4) Figure 4 shows the simulation modeling of the diode

leakage current whose mathematical equation is given in
Equation (5).
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Figure 4: Diode leakage current model

Figure 5 shows the simulation modeling of the diod
current whose mathematical equation is given in Equation (3

Figure 5: Diode current model

Modeling the Output Current

The output current of the photovoltaic cell equivalent
circuit"O hwhich is expressed mathematically in Equation (1),

is clearly shown in Equation (6).

€

0 — 0 LY

0 — QOhk— — - Qoi—

p —

(6)

The equivalent circuit of the photovoltaic cell expressed
mathematically in Equation (6) is shown in Figure 6 with

simulation.

Figure 6: Photovoltaic cell output current

ISBN: 978-618576506-4
ISSN 30574269

SIMULATION RESULTS

In this study, in the simulation of a single diode
photovoltaic (PV) cell in software environment, different
irradiance PV characteristics of the photovoltaic cell at
different values and temperature levels. Simulation
applications, basic parameters obpvoltaic modules within
the scope of the single diode model method of light current,
diode leakage current, ideality factor, series resistance and
parallel resistance. Figure 7.a the characteristic curves
between the output power and voltage of a PV lpane
shown. As the irradiance increases, the photovoltaic current
generated per cell increases. Therefore, the output power
increases. The maximum power point differs significantly for
ach irradiance level. shows. As the irradiance increases, this
oint is realized at higher voltage and power values. In
particular, the maximum output power obtained at 1000 W/m?
irradiance level is around 80 W, this value drops below 8 W
at 100 W/mz. It is noteworthy that the maximum power is that
the voltage value correspding to the point shows less
variation than the irradiance variation increase. This suggests
that voltageoriented control algorithms may be more robust
to irradiance conditions. These characteristic curves obtained
will be used in PV systems MPPT algbris are dynamically
optimized to be sensitive to irradiance conditions update is
necessary. Especially shogrm radiation, such as suddenly
changing cloud cover, the adaptive control capability of the
system is of great importance. Thus, PV modelingortant
for performance simulations of systems and field applications.

80T 1000 W/m?
800 W/m>
60 500 W/m”

300 W/m>
100 W/m?>

N
o

PV Panel Output Power (W)
o
o

0 5 10 15 20
Voltage (V)

a. Constant temperature, different irradiance values

=40 35°C

= 259¢

5 10°C

230} [=——0C

~ -10°C

220}

820

E

=

&~ 10F

g

o
0 ' L L
0 5 10 15 20 25

Voltage (V)
b. Constant irradiance, different temperature values

Figure 7. Simulation results of the photovoltaic system with
different irradiance and temperature values
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Figure 7.b shows the PV panel for varying temperature
conditions under constant irradiation (freft® °C to 35 °C). [1]
The relationship between output power and voltage is shown.
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Abstracd Carbon support materials ensure that the
metallic catalyst is finely sized and consistently dispersed across
the electrocatalyst layer in PEM technology.Carbonaceous
materials derived from industrial tea waste biomass were
investigated as the support material for electrocatalysts utilizing
platinum nanopatrticles (Pt/C). The physicochemical and
electrochemical evaluation of Pt/C electrocatalysts was
conducted. The electrochemical properties of the produced Pt/C
electrocatalysts were examined by measuringhe platinum
massspecific electrochemically active surface area (ECSA) in
an acidic solution.
carbonized Pt/C
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inhibits the sintering or aggmeration of Pt particles as well.
Moreover, in contrast to bulk Pt catalysts, electrocatalysts
distributed in carbon exhibit greater resistance to catalyst
poisoning.

In commercial platinum/carbon (Pt/C) electrocatalysts, a
wide variety of carbon materials are utilized as support
materials. Vulcan or Ketjen Black are examples of the carbon
support materials that are utilized the most frequefdfly
Pyrolysis or partial combustion of petroleum hydrocarbons,
polymers, or acetylene gas are the processes that result in the
production of these carbons.

When viewed from a different perspective, the combustion
of fossil hydrocarbon sources has led to an increase in the
pressure that is being placed on the commercial production of

The widespread adoption of technologies that make §arbon and industries that are related to it. This is because of

simpler to generate alternative, sustainable, and clean ener{ fact thaglobal warming and pollution of the environment
is necessary in order to improve public, economic, anfiave occurred.

environmental health.

In recent decades, research has been focusing on

Proton Exchange Membrane (PEM) fuel cells as keyi€veloping alternative, renewable, sustainable, and clean

enabling technology (KET) are capable of directly converting@rbon materials that are derived from biomass to help
chemical energy into electricity with a high degree ofovercome the limitations of carbon that is derived from fossil

efficiency, making them one of the most promisingfuels. These materials have igthsurface area, porosity and

technologies for the generation of clearergy. A significant

anchoring functional groups. Wu et @] reviewed the recent

technological advancement in the process of transformingrogress in biomasderived nano electrocatalysts for the
hydrogen, a source of clean energy, into electrical energy fStainable energy development. The majority of research on

the use of PEM fuel cells.

carbon derived from biomass or carbonaceous materials as
electrocatalysts for PEM fuel cells is focused on oxygen

The widespread adoption of PEM fuel cell technology iseduction reactions (ORR) or oxygen evolution reaction
contingent not only on the development of hydrogenOER) in alkali medium.
production, storage, and transmission, but also on the ) )
enhancement of the durability of the electrocatalyst layers that Cathodic ORR reactions are the ones that are accountable

form the heart of PEM fuel del

for rate determining step at the kinetics of these reactions
which are extremely slow. Porous carbon derived from

_ The common implementation of PEM fuel cell technologybiomass, either doped or combined with metallic or-non
is contingent not only on the development of hydrogermetallic nanomaterials, has dre produced to enhance the
production, storage, and transmission, but also improvemeRinetics of the oxygen reduction reaction (ORR). Upskuviene
of the durability of the electrocatalyst layers that form the coret al. [3] synthesized nitrogen doped activated carbon from

of PEM equipment.

The electrocatalyst layer is the
fundamental electrochemical reactions take place.
composed of metallic electrocatalyst particles such
platinum that are placed on a carbon support material.

locati h : X
ocation W Er?gommermal 20% Pt/C electrocatalyst for ORR. Ding €tl.

gEvaluated the electrocatalyst prepared by immobilizing Pt

wood residues and determined its ORR activity and have
found that the synthesized carbon material is as effective as

nanopatrticles on a carbon support material obtained from the
carbonization of eggplant peel biomass, in terms of its

Carbon support is responsible for ensuring that th@erformance in the membrane electrode assembly (MEA) of
metallic catalyst is of a fine size and distributed uniformlyPEM fuel cells and its RR reaction performance. The
throughout the electrocatalyst layer. This ultimately enhancesatalyst's performance is found to be comparable to
the efficiency of the PEM fuel cell by increasing thecommercial electrocatalysts. Jalalah et[5].synthesized a

availability of the metdic catalyst during electrochemical

nitrogendoped Pt/C electrocatalyst using a carbon support

processes, while simultaneously facilitating a constant flow ofaterial derived from bamboo biomass and determined its
electric current.at the same time enables a continuous flow @RR performance in a 0.1 M KOH alkaline environment. The
electronic current. The utilization of carbon support materiabensitized catalyst, as a mefi@e electrocatalyst, provided
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efficient charge and mass transfer and was reported ast@ determine the concentration of Pt species and hence to
promising catalyst. calculate the degree of conversion of *Pt¢ PP. The

. . . commercial carbons of Ketjenblack EC 300J (C2) were
hy d%gg;F;Emgﬁgﬁt'r%gsc’ti%dEa%eg)e\ézlggfgtrteﬁgté%%églzvﬁt)utiIized to synthesize Pt/C electrocatalysts as well. The
the aid of a P/C electrocatalyst, and both at acidic and alka%?/mhesaed electrocatalysts are BECPUCaczrz, PUC
conditiong6]. However, the challenges for acidic conditioned  In a different experiment, biomass derived carbon BC2
PEM reactions and acidic fuel cells still per§rt was combined with commercial carbon C2 in a range of

ifferent proportions (B0 % w/w) in order to produce
Guix electrocatalystsThe reason for choosing BC€2arbon
is that it has a medium surface area, thedat/€atalyst has a

artially low ECSA value, and to observe the potential effects

f commercial carbon on thet/Guix electrocatalystsThe

atalysts are denoted as RfkC through Pt/Gixs. The final
nthesized electrocatalyst Rife was prepared by mixing
e-existing Pt/Gcz and Pt/Gz in 80/20 w/w, respectively.

The studies on the Pt/C electrocatalysts synthesized wi
biomass basedarbon support material are very limited.
Particularly, studies on HER/HOR reactions with biormass
supported Pt/C in acidic conditions are scarce in the literatur
Wu et al.[8] examined the carbon matrix obtained from
bamboo fiber as supporting material for the immobilization o
Pt nanoparticles. The robust association between Pt a
pyrolytic N atoms enhances the electrocatalytic HE

performance and underscores the potential ubfizing The synthesized Pt/C electrocatalysts were used to prepare
sustainable, biomasterived materials to progress catalyticthe ink for the next electrochemical characterizations
applications. according to a standard proced[i@]. In brief, around 10 mg

In this work, industrial tea waste biomass was converte olid sample was mixed with 5 ml 5% nafion (DuPont D521)
’ olution consisting -propanol and water in the ratios of

to carbonized material by pyrolysis and used to prepare &4:20:79.6 (VIV),  respectively. The mixture was
carbon support material for synthesizing Pt/C electrocatalysta.I trason i cated for 1 min and
The electrocatalytic activities of the synthesized Pt/C Wagolished (by 0.5 e¢m and 0.05 &m al

mlvetstlg?lted. trlllrougkl[_ meaSlerlng the PEtC;n:sg spe%m lectrode by drojasting. The loaded Pt catalyst amount on
ee(é'roc emically active surface area ( ) in aci 'Yhe GC was estimated before and after the electrochemical
medium. measurements by the XRF analyser.

EXPERIMENTAL The electrochemical measurements were performed
The industrial tea waste (TW) biomass from local teghrough cyclic voltammetry by ZahnerlM6e electrochemical
factory in Rize (Tirkiye) in the form of straw (<2.36 mm) wasworkstation and a standard threlectrode setup of a Ag/AgClI
grinded and sieved using from 0.5 mm sieTken, itwas reference electrode (RE), a platinum counter electrode (CE)
impregnated with the catalyst of FeGh 2:1 wiw ratio and a GC (0 = ruBentshras theRuorkirgy | n
(TW:FeCb) that synthesis of graphitic carbon can be achieveg@lectrode (WE) coated with the synthesized Pt/C
by iron catalysed pyrolysis (Hunter). The impregnated samplelectrocatalyst. The sample on the GC was first activated by
was pyrolyzed at 850 °C Mtmosphere, 1 h in a rotary oven potential cycling for ZQ cycles between 0.02Vand 1.2V ata
(Protherm RTR 11/100/500). The obtained carbonizegcan rate of 100 mvsin 1M HSQO, (EMSURE grade, assay
material was washed with 6 M HCI and 6 M HF to remove thes 9 57%69Merck) solution saturated with [20]. The ECSA
impregnated metadxides and the other possible mineralsvaluesin m2g of the asprepared electrocatalysts were
biomass included to the sample of BC2. determined by the accelerated stress test (ABI) through
i . linear sweep potential cycling with a 1600 cycles between 0.4
Further, the sample BC2 subjected to second pyrolysis gt and 1.6 V at a scan rate of 1-Valong with intermediate
various temperatures 300, 500 and 700 °CMH5/95 v/V)  gpservational cycles between 1.2 V and 0.02 V at a scan rate
atmosphere for 2 h with the aim of further structuralyf 10 myst (2 cycles per observation). All the measurements
improvement. The sample is nomenclature as-B@X (X \ere performed at room temperature. The ECSA of PYC
is temperature). electrocatalysts was calculated through the cathodic scan area

The Pt/C e|ectrocata|yst were Synthesized by usin nder the Hadsorption I’egion betWeen 04V and 0.02V Of
ammonium hexachloroplatinate ((MEPtCk) as the Pt Vs starting from the seconq pedR]. The surface charge
precursor through microwave assisted polyol metf@gid densityforHadsor ption on pol ycryst
supported on the derived carbon samples BC2 andHgrC2 Was used.

The Pt precursor (40 mg, with the 20% target Pt ratio) is A reference electrocatalyst with 20% Pt (BASF, rPt/C)

solved in an appropriate volume of ethylene glycol/wategyas also subjected to electrochemical characterizations.
(MilliQ) (3:7 v/v) (15 ml) solution. The Pt concentration was

checked before eachr#hesis by Xray fluorescence (XRF) The structural characterizations of the samples were
spectroscopy (Thermo Scientific Niton XL3t GOLDD+). realized by surface area (BET, Quantachro_meAutosorb 1C
After addition of the carbon sample (70 mg), the mixture wagnd Quantachrome Asi Qwn), transmission electron
ultrasonicated for 1 min by an ultrasonic processor (Hielschépicroscope (TEM, Jeol JE010F (200 kV)), the size
UP200St) to uniform dispersion and trangédrrinto the distribution and agglomeration state of the Pt nanoparticles
reaction vessel. The microwave (MW) treatment wagvas evaluated by measuring individual 100 Pt nanoparticles
performed at a constant power output of 200 W by CEMrom different TEM images through ImageJ softwarera)
Discovery SP MW synthesizer under constant magnetiPiffraction (XRD, Rigaku Miniflex 600 Xray diffractometer _
stirring. The MW experimental setup was arranged in 100°€¢ Cu KU (& = 1. 54 1-8y phQtoelecwod i at i
max. temperature and 600 salion time under the condenser specto scopy ( XPS, Mg KU (1253.
cooled flux at 4 °C. After the MW treatment, the vessel wa$SPECS® system equipped with a double anodayxsource

air cooled to room temperature. The samples wer@nd a hemispherical analyzer). Survey and narrow scan
centrifuged, washed twice with ultrapure water, and dried gpectra were collected at pass energy values of 50 eV and 25
80 °C in air. The supernatant was also analysed wétikBF €V, respectively, while the respectiveeegy resolutions were
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setto 2.5 eV and 0.1 €\3]. XPSpeak 4.1 software package
was used to analyze the data. The C 1s and O 1s pe
components were plotted using a Linear background ar 1500 +
Gaussian fitting.

C(02) Cc(io1) p—Ter
1 : —BC2-H2

1250 4
The average crystallite size (L) for the Pt(111) was

calculated wusing the Scher
where a-oTiay wWwheekKengt h, b
maxi mum (FWHM), d is the di

1000 |
750 4

RESULTS ANDDISCUSSION 500 4

relative intensity (a.u.)

Structural Characterizations of Raw Carbons 950 4

The surface areas of the derived samples of BC2; 1822
300 and BCH2-700 and C2 are given imable 1 The 0
surface area for sample BER2-500 was not determined 2 Theta (%)
because, as can be seen in the electrochemical measuremers
section, the ECSA values showed a directly proportional Figure 1. XRD of pristine samples
increase with increasing temperature. This also showed th
the surface area wads of the BCH2 samples obtained with 120
applications at a minimum of 300 °C and a maximum of 70l 1
°C could be sufficient for interpreting the results, #rat the 1004
surface area of the B@22-500 sample obtained at the ]
intermediate temperature of 500 °C was less necessary. T
surface area of C2 is taken frgmj.

C1s

80 4

60 4

Counts (s)

The biomass derived carbonaceous materials hav
comparable surface area with commercial carbon of C2. Tt ]
surface areas increase from 580 m2/g for BC2 to 1056 m? 20 -
with second pyrolysis at 700 °C and/N, atmosphere.

40+ M 1s

J—ec
o] —BC2:H2
—c2

Table 1. BET surface areas of the pristine samples , . , . , .
Samp|e Surface area (mZ/g) 1400 1200 1000 200 600 400 200 0

BC2 580 Binding energy (eV)

BC2-H2-300 696 Figure 2. XPS analyses of pristine samples
BC2-H2-700 1056

i Table 2. Elemental content of pristine samples
c2 800 (Wang_16_proggress in) Sample C (%) O (%) N (%)

BC2 89.0 9.5 15

Since the surface area is widely acknowledged as one pBC2-H2 92.0 7.3 0.7
the effective parameters for supercapacitor performances; 950 50
further experiments were carried out with BE2-700 and it
will be referred as BGB2 shortly.

Figure 1 shows the XRD analysis of the carbonaceouslectrochemical Characterizations of Sythesized
samples of BC2, BGRI2 and commercial carbon C2. The Electrocatalysts
peaks reveal that all 3 samples possess an amorphous structurerpe cyclic voltammograms (CVs) of the synthesized and

in general. _The two main broad peaks at around 24° and 44sference electrocatalysts of Ri€, Pt/Gscanz , PGz and
corresponding to the (002) and (1@&flections of carbon.  ypy/C are presented figure 3. The ECSA values calculated

The XPS analyses displaying the survey spectra for bothiom CVs, conversion ratios of synthesis, retention of
C 1s and O 1s of pristine carbon samples are presented §igctrocatalysts at the end of AST tests and Pt crystallite sizes
Figure 2. The elemental compositions of the samples directly electrocatalysts are givenTable 3

on their surfaces are givenTable 2 The carbon content of — \hen considered the ECSA values, the electrocatalysts of
C2 is 95% higher when compared to TW derivedreference, rPt/C, and synthesized one with commercial
carbonaceous materials of BC2 and B2, which have 89 ¢arhon, Pt/G, demonstrate ECSA performance as 76.9 m2/g
and 92 % C content, respectively. BC samples have a grealgid 84.9 m?/g, respectively. Further, their retention ratios at
number of surface functional groups and a highethe end of AST tests exceed 20%. On the other hand, the
concentration of O and than C2. ECSA value of Pt/gc; electrocatalysts, was 41.9 m2/g, which
is almost half the value of
This ECSA value of Pti§2+2, developed to 89.8 m2/g by
secondary pyrolysis of the same pristinatenial of BC2 at
H2/N, atmosphere. This advancement may be attributed to the
increased surface area of BE2. The electrocatalyst P#€-
vz has a comparable ECSA with reference ones.

The retention values of BC electrocatalysts are less than
20% inferior to the reference values. This may also be
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originate from abundance of their surface functional groups ., -
Conversely, the Pt crystallinity and conversion rates ar
comparable and elevated for all synthesized electrocatalysts

Current (puA)
Current (puA)
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Figure 3. CVs of the electrocatalyst (a) PHE , (b) Pt/Gicarz , R a2 Ak M NN N
(C) Pt/C\CZ , (d) I‘PUC Potential (V) Potential (V)
) Figure 4. CVs of the electrocatalyst (a) Ptifs1, (b) Pt/Guix2, (C
Table 3. Electrochemical parameters of the electrocatalysts . g Pt/Cuixs, (d) PYGuixa, (€) )IIDt/C(BA-) ) 1Pt§C)M 2. (©)
Sample ECSA Retention Conversion Crystallite x3, ix4s X5 ix 6
size
Unit mZg* % % nm Table 4. Electrochemical performances of Pt/CMix
Pt/Gaca 41.9 17.8 97.5 3.44 electrocatalysts
PtiGscare 89.8 3.1 99.5 3.90 Sample Ratio Ratio ECSA Retention | Conversion | Crystallite
Pt/Cep 84.9 21.2 99.7 3.83 of of size
rPt/C 76.9 316 - 4.05 carbon | BC2
Unit % % mz2g?! % % nm
Lo . . wiw wiw
Here, when indicated in parentheses, the ECSA values pfye 5 05 1 697 | 172 100.0 751

Pt/Cacon2-300 and Pt/€e2+12-500 are found to be 59.3 and Pt/Cuix 10 90 67.1 258 99.9 467
77.2 m2/g, respectively. These values are markedly inferior {0PyGys | 20 80 | 834 | 204 100.0 3.24
the ECSA value of 89.6 m2/g for PH&H2-700 (hence | PtGua | 50 50 | 87.6 | 21.9 100.0 3.26

referred to as Pt#g212). Pt/Guixs 80 20 86.9 19.5 99.9 3.23
) Pt/Guxs | 20 80" | 61.1 [ 19.0 - 3.70
The CVs of Pt/Gix electrocatalysts are shown kigure 4, * As prepared catalyst PtG # As prepared catalyst P4€

and their electrochemical performance values are given in
Table 4 The support carbon materaisls used in ft/C
electrocatalysts was prepared by mixing BC2 sample with C

carbon in proportions ranging from 5% to 80%. The ECS# 100

values of the Pt/G« electrocatalysts, manufactured with a .

rising C2 ratio in the support material, increased from 69. 90 4

m2/g to about 87 m#/g, achieving this equilibrium at a ratic - T #oooe- ®
below 50% (around 35%). Figure 5). The ECSA 80+ *

performance of the Pt{fs electrocatalyst which is prepared =

by combining the aprepared Pt/& and PtG; £ 7 ®

electrocatalysts in 2090% ratio, repectively, was &

determined as 61.1 m2/Gombining support carbons prior to o 1

the synthesis of electrocatalysts, instead of blending a: 2]

prepared electrocatalysts, seems to be more efficacious 1:

attaining a superior ECSA value. 40 " . . . . .
Ultimately, TEM images of the catalysts Ri{gand Pt/Giixa ° 2 4002 % }EU % 100

are presented irFigure 6. The nano Pt particles are
significantly concentrated in some areas and are not evenly _ ) ,
dispersed throughout the BC2 material. The irregular_ Figure 5.The ECSA changing synthesized electrocatalysts
dispersion of Pt particles on the carbon support may lead to %t/owix by mixing BC2 and C2 carbons (fitted by basic asymtotic
reduces ECSA value for the electrocatalyst R/@lthough curve)

the crystallite sizes are comparable with Bt/C
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development of new technologies could constitute a step
forward in the advancement of a circular economy for
renewable and sustainable PEM fuel cell technology.
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Abstracd Landslides are among the most frequent and
destructive natural hazards in Greece, with significant
consequences for human life, infrastructure, and the
environment. Their occurrence depends on a complex
interaction of conditioning factors such as lithology, slope,
vegetation cover, and rainfall, combined with human
interventions such as road construction or deforestatiofil], [2].
The Thessaly Water District in Central Greece is a particularly
vulnerable area due to its geomorphological diversity, combining
the fertile Thessalian plain with surrounding mountainous
terrain [3].

This study applies an integrated Geographic Information
Systems (GIS) and Remote Sensing (RS) framework to evaluate
landslide susceptibility in  Thessaly. A combination of
topographic, geological, environmental, and landise datasets,
including the Shuttle Radar Topography Mission Digital
Elevation Model (SRTM DEM) [10], the CORINE Land Cover
(CLC) database [9], lithological and soil maps [11], and muki
spectral Landsat 8 Operational Land Imager (OLI) imagery [12],
were used to derive conditioning factors.These factors were
weighted through the Analytic Hierarchy Process (AHP) [13]
and integrated into a susceptibility model. The approach was
further tested through two hazard scenarios and validated
against observed landslide events triggered by the 2023 Deh
and Elias storms [14], [15].

Results highlight slope, fractured lithologies, and sparse
vegetation as primary susceptibility factors [1], [8]. Inclusion of
soil erodibility significantly expanded high-risk zones [11]. Case
studies in Karditsai Trikala and Drakeia (Pelion) confirmed the
model 6s predictive ability.-
support framework for landslide risk management in Central
Greece.

Keyword® Landslide susceptibility, GIS, Remote Sensing,
AHP, Landsat 8, Thessaly, Hazard mapping.

INTRODUCTION

TiatfonaPdisdsteY resfliéntefstrategi@s [18]P[37. | 2

Dr. Spyridon Kotsopoulos
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University of Thessaly
Volos, Greece

landslide events have impacted settlements, infrastructure,
and agriculture, particularly in geomorphologically sensitive
regions such as Thessal.|

The occurrence of landslides is controlled by a
combination of natural and anthropogenic factors. Natural
predisposition is shaped by slope, lithology, rainfall, and
vegetation, while anthropogenic drivers such as road
construction and deforestation frequerdlt as triggers?],

[6]. This complexity necessitates systematjiproaches to
susceptibility mapping.

Geographic Information Systems (GIS) provide a
framework for integrating spatial datasets, while Remote
Sensing (RS) delivers updated, nwd#imporal Earth
observations9]. The Analytic Hierarchy Process (AHP) has
been widely applied for multiriteria evaluation in landslide
studies 13].

The Thessaly Water District combines the extensive
Thessalian plain with surrounding mountains, creating sharp
contrasts in susceptibility. Recent extreme rainfall events,
particularly storms Daniel and Elias in 2023, revealed the
region's vulnerability [4], [15]. This study aims to
systematically map landslide susceptibility through an
integrated GIBRS AHP approach and to validatiee results
against observed events.

This work is part of a broader effort to support risk
assessment and management in line with European and

STUDY AREA

The Thessaly Water District is located in Central Greece
and encompasses both the Thessalian plain and surrounding
mountainous areas, including parts of the Pindus, Olympus,
Ossa, and Pelion ranges. The district is charaetehby high

Landslides constitute one of the most widespread naturgomorphological diversity:
hazards in mountainous environments, often leading to loss ofq The Thessalian plain is the largest continuous plain in

life, property damage, andnvironmental degradatior][

Their frequency is increasing globally due to climate change,

urbangation, and land use pressurék [n Greece, repeated
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1 Mountainous regions such as Pelion, Olympusl Pindus and rivers from geodata.gov.giogether, these datasets
consist of steep slopes and fractured lithologies, includingreated a robust basis for susceptib#igsessment
schists, limestones, marbles, flysch, and ophiolites, which
are highly susceptible to slope instabilig}. [ C. Preprocessing
. L . - . The DEM was processed to derive slope, aspect, and
Hydrologically, the district is drained by the Pinios R'Verelevation, which are primary topographic controls on

and its tributaries, which frequently overflow after intense, ., qjije activity. Landsat imagery underwent atmospheric
rainfall, _exacerbatlng sI(_)pe erosion and instability. SOC'Ocorrection and noise reduction before NDVI indices were
economically, Thessaly is a key agricultural hub of Greece

ingl that stabilities h " . ( b thcalculated. All datasets were harmmed in terms of
meaning tha spe ins abiities have strong Impacts on bo projection and spatial resolution and clipped to the Thessaly
rural livelihoods and critical infrastructur&d].

Water District boundary to ensure a consistent analytical
framework.

D. Factor Analysis

Conditioning factors were grouped into five categories:
topographic (slope, aspect, elevation) [1]; geological
(lithology, soil erodibility) [7], [11]; environmental (NDVI,
rainfall triggers) [12], [16]; landuse (CORINE land cover)
[9]; and proximity (digance to roads and rivers). Each was
transformed into thematic GIS layers to be used in
susceptibility analysis.

Figure 7. Map of the Thessaly Water District

Figure 8. Derived maps from DEM, Corine and Landsat 8
StuDY FRAMEWORK [18]

A. Overall Framework E. AHP Weighj[ing _ _
The research followed a structured framework consisting of The Analytic Hierarchy Process (AHP) was applied to
four main stages: determine factor weights [13]. Pairwise comparisons, based

1. Data collection: acquisition of DEMRemoteSensing  on literature and expert judgement, ranked slope and land
imagery, CORINE land cover, geological and soil datacover as the most influential parameters, followed by
and historical landslide records. lithology, with lower weights aggned to proximity factors.

2. Preprocessing: harmaation of projection and Consistency checks confirmed reliability, with all ratios <0.1
resolution, atmospheric correction of satellite data,
derivation of sl ope and FaSyiggepiplityMapping ppi ng to Thessaly
boundaries. Weighted thematic layers were integrated using the GIS

3. Factor analysis: identification of conditioning factors, Weighted Overlay tool. The susceptibility index was
preparation of thematic layers, and weight assignmerttlassified into three categories: low susceptibility (mainly the
using AHP. Thessalian plain), moderate susceptibility (foothill areas),

4. Susceptibility mapping: integration of weighted layers,and high susceptibilitymountainous and coastal zones such
classification into risk zones, and validation againsts Pelion and Pindus) [7], [8].
recorded landslides.

B. Data Sources

gopographic information was obtained from the Shulttle
Radar Topography Mission (SRTM) DEM at 30 m resolution |§&
[10], used to generate slope, aspect, and elevation layers. Lang
cover data were derived from CORINE Land Cover 2@,8 |
providing detailed information on agricultural, urban, and
natural environments. Remofensing inputs consisted of
multi-spectral Landsat 8 OLI imagery (202923), enabling
the calculation of Normalized Difference Vegetation Index
(NDVI) and temporal change detectior2][iGeolgical data
were sourced from Institute of Geology and Mineral
Exploration(IGME) lithological maps, while soil erodibility
data were acquired from European Soil Data C€BSDAC)
[11]. Additional datasets included settlements, road networks

Figure 9. Landslide Susceptibility Map

ISBN: 978-618576506-4
ISSN 30574269 33 ESCC205



RESULTS[18]
A. Landslide Susceptibility Mapping

The susceptibility map revealed distinct spatial patterns.
Low-susceptibility areas dominated the central plain, while
moderate zones appeared in transitional foothills. High
susceptibility wasoncentrated in Pelion, Olympus, Ossa, and
the Pindus range. These findings align with previous regional

studies.

Figure 10. Landslide Susceptibility Map

B. Hazard Scenarios

Two hazard scenarios were examined to evaltiage
influence of soil erodibility.

Scenario lincluded NDVI (25%), slope (25%), land use
(35%), and elevation (15%). The results identified Lariss
District with 42 highrisk settlements, followed by Magnesia
with 16 and Trikala with 13.

Figure 11 Scenariol, Landslide Hazard Map

Scenario 2integrated soil erodibility (25%), with adjusted

a

Figure 12 Scenario2, Landslide Hazard Map with erodibility

This comparison highlights how small variations in factor
weighting can significantly shiiusceptibility outcomes, with
direct implications for planning

C. Landslide Detection Case Studies

In this stage of the study, landslide detection was
performed across the Thessaly region by integrating ground
based information with satellite imagery. Reports from the
Hellenic Survey of Geology and Mineral Exploration,
combined with local newspaper atés, were first collected
to establish the exact timing and location of landslide events.
Based on these records, mdtimporal Landsat 8 imagery
was selected, ensuring one image before and one image after
each event. The pairs were processed to idespictral
differences and morphological changes, enabling accurate
mapping of affected areas.

Two representative case studies are presentbeta:
Case l:KKarditsd Trikala (June 2019 vs October 2023).

This case coincides with the extreme weather events of
September 2023, when Thessaly was impacted first by storm
Daniel and shortly after by storm Elias. The intense rainfall
causedsoil oversaturation, increased runoff, and widespread
slope failures. The analysis revealed severe erosion near Lake
Tavropos (Plastiras), accompanied by agricultural and urban
land changes as well as damage to the road network. Although
Lake Plastiras dis outside the official boundary of the
Thessaly Water District, its surmding environment
experienced significant changes that contributed to slope
instability and local land degradation. The affected areas
overlapped with zones already classified as high susceptibility
in the model, thereby confirming its reliability.

weights of NDVI (20%), slope (20%), land use (25%), and

elevation (10%). Highisk areas expanded significantly, with

Magnesia rising to 27 settlements, Larissa to 18, and Trikala

to 16.
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DISCUSSION ANDL IMITATIONS

The findings of this study confirm that slope, lithology,
vegetation cover, and satodibility are the dominant factors
controlling landslide susceptibility in Thessaly,[[7], [11].

The comparison of two hazard scenarios demonstrated the
sensitivity of susceptibility outcomes to so#ated
parameter$13], while case studiegalidated the predictive
accuracy of the model against observed e\éadis[15].

Despite these strengths, several limitations must be
acknowledged. First, the analysis relied on mesdiasolution
datasets, such as the 30 m DEM and Landsat 8 imagery, which
constrain the precision of the susceptibilty maps. The
inclusion of higherresoltion data (e.g., LIDAR or UAV
imagery) would likely improve accuracy, particularly in steep
mountainous area§l7]. Second, rainfall data were not
integrated quantitatively into the model, even though storms

Wt S RN i R Daniel and Elias clearly acted as critical ¢ggs. Access to
i A5 o S spatially explicit precipitation records would enhance the
Figure 7. Casel: Details from Landslide Detection Map capacity to capture triggering conditiofis4]. Third, field

_ _ validation was limited, with most groustduth information
Case 2:Drakeia, Mount Pelion (August 2022 vs Octoberderived from reports and secondary sources. Systematic field
2023). surveys would strengthen the reliability of susceptibility

This case focused on theillage of Drakeia, which aSSessmeiit7].

suffered intense slope instability during the 2023 storms: Post  Future research should therefore focus on integrating high
event imagery highlighted vegetation loss, soil displacementesolution geospatial data, incorporating rainfall intensity and
and the collapse of the Agrid3rakeia road. Changes soil moisture parameters, and combining empirical methods

extended to adjacent slopes and drainage pattelealy  with advanced machine learning approacBgq17).
demonstrating the cascading impact of extreme rainfall on
mountainous terrain.

These case studies demonstrate how the integration of CoNcLUSIONS[18]
Remote Sensing change detection with grodoased This study applied a GTRS AHP framework to assess
information can effectively identify highisk areas and |andslide susceptibility in Thessaly. Results identified
provide valuable input for hazard prevention andmountainous zones as highly vulnerable, while scenario
management. analysis highlighted the importance of soil erodibility.
Validation through storms Daniel @rElias confirmed the
reliability of the approach. The findings provide valuable
input for regional hazard management andHase planning
in Central Greece.
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Abstracd This paper examines the hybridization of
hydroelectric plants with hydrogen production systems to
improve renewable energy integration and grid flexibility. Two
scenarios are explored: a smalscale micrehydro plant and a
larger seasonal hydroelectric stion, both combined with
photovoltaic and hydrogen storage technologies. Through
simulations using TRNSYS, the performance of these hybrid
systems is evaluated under regime market conditions. Results
indicate that larger hydroelectric plants yield higher revenues
and energy output, particularly when integrated with hydrogen
storage, which enhances system flexibility and stability. This
hybridization approach presents a promising solution for
maximizing renewable energy usage and contributing to
decarbonization goals.
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system. The scientific commuyiand industry are investing
heavily in hydrogen as an essential component in the transition
to sustainable energy systems, given its versatility and
potential for integration across different sectors, making it
strategic in achieving carbon neutralityat®

Recent analyses of hydrogen production projects using
hydroelectric energy in countries like Canada, Turkey, and
China demonstrate that hydroelectric power offers a
competitive solution for green hydrogen generation by
enabling the production of both elgcity and pure water at
the same site [12, 25]. For instance, Turkey has developed a
hydroelectric map to identify regions with high potential [1],
and in Europe, projects like -Bydroflex focus on the
hybridization of hydroelectric plants to produce rogkn,
which could bring significant economic and technical benefits
and support policy formulation to foster growth [4].
Implementing these renewable energy projects requires
detailed economic analysis considering investment costs,

Electricity market operators increasingly ~demandgnerational expenses, duexpected revenues. This analysis
flexibility from market agents to implement strategies in-non -gn pe conducted using analytical models and dynamic energy

conventional market offerings. In the context of Smart Grid
hybrid systems provide the necessary control to balance loa

Sciﬁimulation software. In this study, TRNSYS will be used to

odel hydroelectric plants and hydrogen systems, including

Specifically, hydroelectric plants and hydrogen generatioijecirolyzers, storage tanks, and PEM tls [6], enabling
and storag systems offer significant value in this paradigm,gimylations under different scenarios to assess system

as they can intelligently manage energy stadageservoirs
for hydroelectric plants and hydrogen tafkend power

injection into the grid. Alongside virtual batteries [16] and
other elements at various rex] these systems form the

performance in response to variations in demand, operating
conditions, and electricity markets.

HYBRIDIZATION

framework of future energy networks. However, many ,

hydroelectric plants currently operate below their nominalScenarios

capacity due to hydrological, seasonal, or market regulation To assess the profitability of hybridizing a hydrogen
factors [19], presenting an opportunity to enhance theisystem with a hydroelectric plant, two distinct scenarios have
performance through hybridization with other renewablebeen considered. In both cases, the photovoltaic system and

sources.

Hybrid systems exploit synergies between differen@
technologies, maximizing resource utilization and mitigatin
limitations associated with the intermittency of solar and win
power [15]. The hybridization of hydroelectric plants with
technologies like flating photovoltaic systems [19], batteries

the hydrogen system remain constant in terms of size and
roduction. The varian lies solely in the technologies of the
elected hydroelectric plants. These scenarios represent two

gé;:ary different concepts of hydraulic production: a sreadle

icro-hydropower plant and a large, seasonal hydroelectric
station

with advanced management systems [2], or hydrogen Small hydroelectric power plant (SCENARIO 1)
production systems [25] offers solutions to increase flexibility The first scenario is based on what could be a micro
and stability in the electricity grid [18]. Looking ahead, hydropower[1] generation plant with a capacity of 35 kW,
hydroelectric plants are expected te@di@e central nodes in |ocated in a water treatment facility (ETAP). This relatively
largescale hybrid energy systems, particularly in countriesiovel installation integrates a pump operating as a turbine

with abundant water resources [15].

Green hydrogen production,

energy vector for decarbonizing hamelectrify sectors such

obtained via wate
electrolysis using renewable electricity, has emerged as a k

(PaT), allowing the reaery of energy that is currently

'dissipated through a pressure reduction valve (PRV) located
8§/the inlet of the ETAP.

Since the water flow is constant and continuous due to the

as transportation and certain industries [23, 8]. Advances iplant's operational nature, this system is expected to provide
hydrogen production astorage technologies have enhancedtable energy generation. This snsifled plant exemplifies

its viability as a longerm, largescale energy storage option how these types of turbines can be implemented in industrial
[11], allowing it to store surplus renewable generation andectors asraadded value, optimizing resource use.

release it when demand is high, acting as a buffer in the energy
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Seasonal hydroelectric power plant (SCENARIO 2) surface area of 4,500 m2. This approach aims to represent a
The second scenario involves a 2.1 MW hydroelectric plartypical plant that could be installed by any industry or
of the dampeak type, with an average annual production ohydroelectric station on the roof of an industrial building or a
2 GWh and a reservoir capacity of 102.6 hm3. Located in amall solar farm. In any case, for this study, the production
dry tropical climate, the plant operates with a Francis turbinand sale ofsolar energy shdd not constitute the primary

[14], handling fows between 0.8 and 4.8 m3/s with a nominalactivity of the industry in the case study.

head of 56.5 meters.
This plant is ideal for exploring hybridization solutions due

to its seasonal operation; the water released downstream idable8: Technical Specifications of the Photovoltaic Module

used for irrigation, an activity that occurs only during certain

and System Configuration

The following values have been used in the modeling:

months of the year. Integration with hydrogen systems allows Photovoltaic Module Specifications
the plar to take advantage of periods of lower water demand Parameter Value Unit
or limitations in power injection into the grid, to store and Maximum Power 100.3 w
produce energy. Voltage at Maximum Power 17 N
Parameters and components (P:E',?tem at Maximum Power oo R
Turbine PaT Point :
The first scenario uses a hydraulic pump used as a turbine | OpenCircuit Voltage 216
from a mink h)_/dr_opower plant in Casti_lla y Ledn (Spa_in). In ShortCircuit Current 6.5
order to obtain its powdtow generation curve, available
data from its operation have been used. The curve describing | Medule Efficiency 11.27 %
the power genetad by the turbine is defined by the following Temperature Coefficient of Voc|  -0.079 VIK
polynomial: - - ficient of 5 N
0 wu&p ) poio@® ORpO ) Temperature Coefficient of Isc 0.0 K
. L . NOCT 40 °C
where P is the power output of the turbine (in kW) and Q is
the flow rate (in m3/s). The regression has been performed | Number of Cells in Module 36
using a degree 2 polynomial. The degree of this polynomial | \oqule Area 0.89 m2
is well adapted to the behavior of the pump used as a turbine, TauAlbha Product for N |
. . pha FProauct tor Norma
which has a mimum flow rate of 0.119 m3/s. Incidence 0.95
Turbine Francis Semiconductor Bandgap 1.12 eV
In the second scenario, a Francis turbine has been considered
to obtain electricity in the hydropower plant. The Francis Module Series Resistance 0.3065 q
turbine is one of the most widely used turbines in the world, Module Temperature at NOCT 313 K
due to its high efficiency at high flow rates [14]. _
In order to rﬁodel the bghaviogr] of the turbinEe, t]he pefhoay Ambient Temperature at NOCT| 293 K
curve was obtained from data provided by both Insolation at NOCT 800 W/m?2
Confederacién Hidrografica del Guadalquivir_ [3] and a Installed Photovoltaic Power 500,000 W
company that operates hydropower plants in Andalucia
(Spain). The method used to obtain theveuwas ridge Number of Modules in Series 16
regression, using a degree 10 polynomial. The degree of the | number of Modules in Parallel 333 Variable

polynomial was chosen by comparing using the mean squared
error metric the result obtained in the regression with the
different degrees of the polynomial. Therefore, the curve

obtaired is expressed by the following polynomial: Electrolyzer System

0 ™ p O e XL In our virtual hybrid system, a higtressure alkaline
cya xy vpdrow electrolyzer with a power capacity of 500 kW and a nominal
POBWTD UL XD C WD 2 production rate of 243.75 kgl
p wapp W p T @xo 1O type of electrolyzer has been selected because, firstly, it is a
PTANK T pdow sufficiently matue and reliable technology [9], capable of

As can be seen, the independent term of the equation _;pgoduping green hydrogen a_t relatively high press.ures..Thi_s
different from 0. This is expected, since the ridge regressiofs Particularly advantageous in systems where the intention is
while fitting the actual measured data very well, is not exact® Store the hydrogen produced immediately after the
For this reason, we have added an additional rule to tHelectrolyzer, thereby reducing the ogéonal and energy
equation so thavhen the flow rate is 0, the power is also 0.COSts of subsequent compression. o .

Both the regression methodology and the metrics used hadéereover, dimensionally, it is a mediusized piece of
been obtained from scikiéarn, a Python machine learing €duipment according to the current technological range,

library [21]. The minimum flow rate of the Francis turbine suitgble for industrial applications. This size is appropr_iate as
has been limited to 0.8 m3/s . an intermediate point between the two study scenarios: the

Solar mediumsized hydroedctric plant (2.1 MW) and the micro

For the sizing of the photovoltaic plant, a generation capacityydropower plant (35 kW), acting as a buffer to take
dvantage of surplus energy generation.

of 500 kW has been selected, which is typical for
photovoltaic generation plant installed for sedinsumption
at an industrial facility in Spain [10,20] with an approximate
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Table 9:Technical Specifications of the Electrolyzer System The following are the key characteristics used in the

Electrolyzer Specifications modeling;
Parameter Value Unit
Electrode Area 0.25 m2 Table 11: Technical Specifications of the PEM Fuel Cell System
- - PEM Fuel Cell Specifications
Number of Cells in Series 21 - Parameter value Unit
Number of Stacks in Parallel 1 - Number of Cells in Series 21 -
g::g:;m Allowable Current 670 mA/cm? Number of Stacks in Parallel 1 -
Maximum Allowable Operating 80 oc Minimum Cell Voltage 0.7 \%
Temperature 2
Minimum Allowable Cell 1.929 Vv Maximum Current Density 1,629 mA/cm
Voltage ) Cell Active A 441 cm?
Thermal Resistance 0.167 KIW efl Active Area
Lower SOC Limit 07 _ PEM Fuel Cell Installed Power | 250,000 W
Upper SOC Limit 0.9 ) Number of PEM Units 125 -
Idling Power 1,000 W Base Power per PEM Unit 2,000 W
Hydrogen Consumption at
Nominal Power 600,000 | W Nominal Conditions 24375 | kg
Idling Constant 5.?355 X j ) Maximum PEM Power Output 250,000 w
Operating Voltage 206 v Minimum PEM Power Output 50,000 w
. . )
Ohmic Constant 138.42 vz Total Active Area per PEM Unit 4,872 cm
Maximum Current per PEM 79.34 A
Electrolyzer Installed Power 500,000 w Unit )
Minimum Voltage per PEM
Number of Electrolyzer Units 20 - Unit gep 14.7 \
Hydrogen Production at 243.75 kg/h Maximum PEM Power Output | 250,000 w
Nominal Conditions
Minimum PEM Power Output 50,000 w
Hydrogen Storage System Minimum Cell Voltage 0.7 \%

For the hydrogen storage system, a tiatege compressor
has been sized to compress the hydrogen, directly at the . N
output of the electrolyzer, into a 5 m? tank with a maximunfoperational conditions
pressure of 200 bar. The storage system plays a fundamental Electricity market

role in hydrogen teciplogies. In our case, it serves as anOur model aims to assess the technological and economic
energy storage solution until the control system decides tgability and profitability of hybridization. In the latter aspect,
produce electricity, releasing the hydrogen into the fuel cellit is essential to accurately simulate real market conditions. In
our study, and for both scenarios, we will use the SPOT prices
Table 10: Technical Specifications of the Hydrogen Storage  in Spain [17], where we will collect hourly prices set in the

Gas Critical Pressure 12.9 bar

System (Compressor and Tank) wholesale energy market in reahe or with very little
Compressor Specifications notice. The fluctuation of these prices will determine our
Parameter Value Unit control strategies and the relative operation of our production
Number of Parallel Compressor 1 - system.
Number of Compressor Stages 3 - Grid restrlcthns . . .
The two scenarios have considered the existence of signals
Maximum Pressure 200 bar from the grid operator allowing or prohibiting the discharge
Tank Volume (V 5 m3 of electrical power to the main grid. These prohibitions could
be caused for different reasons:
Molar Weight of Gas 2.016 g/mol

excess of available renewable energy, insufficient demand,
Gas Critical Temperature -240 °C maintenance operations, etc. During the time the grid
injection is prohibited, the system can produce hydrogen that
can be converted into electricity in the future. The signal is

transmitted hourlyy using a binary variable.
PEM Fuel Cell System In this paper, the grid restriction signals [17] that have been
The final stage of our hydrogen system is a fuel cell. In ouused were obtained from grid operator in Castilla y Ledn

case, we have modelaedproton exchange membrane (PEM) (Spain).
fuel cell capable of producing 250 kW of electricity. This  Control Rules

technology is highly mature and walipported. Moreover, The control design methodology is based on the following
it offers a rapid response in terms of energy productiongynamics. Two price thresholds are set: a stop price of
making it highly useful in our scenarios, asvituld be able 6 0 4/ MWh f or t he sal
to inject energy into the grid [25] during intermittent periodsenergy is no longer injected into the grid. At this moment, the
when the selling price is high. energy productionis used to produce and store hydrogen,
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taking into account the tank capacity and min/max power
restrictions. On the other hand, an activation price of 130
G/ MWh i s established for the
the fuel cell is activated, consuming the previously stored
hydrogen and generag electricity for direct sale.

Additionally, as explained in subsecti@hGrid restrictions

the control rules must ensure that no energy is injected into
the grid when the operator imposes any restrictions. Taking
all of this into account, the hybrid system operates all its R U Bl MIE U G B 6
components according to their respective dynamics to ensure  Figure 13; Turbine performance curve scenario 1
the correcbperation of each unit, aiming to maximize energy

sales.

s
&

o)

whi ch

»
S

P R S S o .

w
)

Power (kW)

w
S

N
]

N
=)

Turbine Performance Curve in Scenario 2 (Francis):

MODEL This graph details the power curve of the Francis turbine in
The dynamic simulation tool TRNSYS has been used t&cenario 2. The relationship between flow rate and generated
model our system. Through this software, models have begower is used to model the complete generation system of the
created for our three main systems: the solar generatidiydroelectric plant as a "black box."
system, the hydraulic generation system with the two turbines
used in the two case studjeand the hydrogen system. The Real
control strategy defined, as described in subsec8pn L e
Control Rulesis implemented through the different TYPES
[24] of the software along with internal control equations. As
for the variables and parameters used for éhaipment,

1000 4

800 1

Power (kW)
@
2
3

representative values of the case studies were employed, as 4091

compiled in Tables 1, 2, 3, and 4. Additionally, with future 2001 3

work in mind, the model configuration allows for parametric 0

variation of critical design variables, such as hydrogen . : SR !
storagecapacity, photovoltaic production capacity, string and Figure 14: Turbine performance curve scenario 2

array configuration of the solar field, or the number ofC . fE Sale R in Both S .
electrolyzers, among others. This flexibility enables omparison of Energy Sale Revenues in Both Scenarios:

optimization of equipment performance according toThis graph compares the revenues obtained from energy sales

different strategies. in the two scenarios (PaT and Francis). It highlights the
The following are the TYPES used in each of the thredénfluence of SPOT market prices on operational decisions and
systems described: the profitability of each system, illustrating the economic

, differences betwen both hybridization approaches.
Hydraulic System:

The hydraulic subsystem was modeled using a .
CALCULATOR (turbine equations) and TYPE 9c (hourly
flow data).

Remuneration (k€)

Photovoltaic System:

The PV subsystem includes TYPE 15 (weather data
processor), TYPE 57 (unit conversion), and TYPE 190c (PV
array with MPPT) to process meteorological inputs and
simulate array performance with maximum power point
tracking.

2
]

o o

3460 3480 3500 3520 3540
Time (h)

Figure 15: Comparison of revenue from energy sales in both
scenarios.

Power Generation Curves in Scenario 1 (PaT):

Hydrogen System: This f s th " ins .
. . is figure presents the power generation curves in Scenario
The hydrogen subsystem was implemented with TYPE 100, “from both the photovoltaic plant (PV) and the micro

(electrolyzer control), TYPE 175b (power conditioning unit), :
TYPE 160a (alkaline electrolyzer), TYPE 164b (compresse‘g;{/drOpOWer system (PaT), along with the hydrogen system

storage), TYPE 167 (compressor), and TYPE 170a (PEM fu ylr_zlg/ln)].i C:Srhcl)? tﬁ;am CI’Tb?)II%?OEJ%WL;P i@;stgamnd itl"sh?/a?igﬁirl?tt;/onal
cell). Additional control alculators manage electrolyzer ' '

operation and hydrogen demand. and its interaction with hydrogen storage.

Power Generation Curves in Scenario 2 (Francis):

RESULTS This graph displays the power curves for Scenario 2, which
Simulation Results: include hydroelectric generation by the Francis turbine,
Turbine Performance Curve in Scenario 1 (PaT): photovoltaic generation (PV), and the hydrogen system
This graph shows the behavior of the pump operating as a (PEM). The figure illustrates the greater stability in hydraulic
turbine (PaT) in Scenario 1, based on the equations power generation due the larger capacity and size of the
presented earlier, which are used to model the turbine.  Plant compared to the first scenario.
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Evaluation of Scenarios through Key Performance Distribution- 2506 620
Indicators (KPIs) Hydro/Total Renewable
To evaluate the two scenarios proposed in this study, a series

of Key Performance Indicators (KPIs) have been defined. | gnergy production
These KPIs will enable the analysis of both the energy

1 Energy Distribution: This indicator analyzes how

the generated energy is distributed among different
o] destinations: sale to the grid, setinsumption, or

. storage in the form of hydrogen. It will examine the
operational decisions that determine whether the

generated energy is used directly, stored, or sold
depending on market conditions. This KPI will
provide insights into how effectively each system
manages energy resources to maximize its
operational and economic efficiency.

Figure 16: Power production curves case 1

= Table 12 KPI COMPILATION
i KPI SCENARIO 1 | SCENARIO 2
Energy sold to the grid
(Mwh)
Revenue from energy
2200 sales (KuO)
Energy sold vs
= potentially generable 85.93% 88.27%
energy
Woo 3430 3440 60 30 0 30 340 Renewable Energy
B Distribution- PV/Total 75% 38%
Figure 17: Power production curves case 2 Renewable

Renewable Energy

500

1,098.78 2,243.17

171.68 337.24

Energy consumed by
electrolyzer / Renewable 14% 9%

performance and the economic Vviability of each
configuration, facilitating a direccomparison between the CONCLUSIONS

two case studies. The following section describes how thesge scale of the hydroelectric plant significantly impacts the
KPIs will be used in the evaluation: economic outcomes of hybridization with hydrogen systems.

1

Energy Sold to the Grid: This KPI measures the tota|n Scenario 2, the larger capacity plant notably increases the
amount of energy that each hybrid system exports tgnergy sold and the revenues generated, demonstrating that
the electrical grid. It will be calculated by summing |arger hydrotectric facilities can better leverage the
the energy generated by the hydroelectric plant angconomic benefits of this integration. Both scenarios show
the photovoltaic plant, while also accountfogthe  high efficiency in the utilization of generated energy,
energy converted into electricity through the PEMreflecting effective optimization in the management and
fuel cell powered by stored hydrogen. This indicatorgjstribution of available energy resourcesoreover,
is crucial for determining the effective contribution nypridization  facilitates  the  diversification  and
of each system to the grid and its ability to utilize complementarity of renewable sources, adapting to the
available energy resources efficignt specific characteristics of each plant. In Scenario 1,
Revenue from Energy Sales: The economic revenughotovoltaic energy complements the mibsalropower
generated from energy sales will be calculated baseglstem, while in Scenario 2, tseasonal hydroelectric plant
on SPOT prices from the electricity market. Forpenefits from the solar contribution, particularly during
each scenario, the impact of price fluctuationsperiods of low hydraulic generation. Hydrogen plays a key
throughout the day will be evaluated, optimizing role by enabling surplus energy storage and adding flexibility
energy dipatch when prices are highest. This KPlto the system, thereby improving its stabitiyd efficiency.
will help assess the economic profitability of eachThis strategy is applicable across various contexts and scales,
system, identifying which of the two scenarios from small industrial installations to large energy
generates higher income over the course of a yeaffrastructures, contributing to environmental and social
and under varying operational conditions. benefits by reducing greenhouse gas emissions and
Energy Sold vs. Potentially Generable Energy: Thissromoting sustaiable development.
KPI compares the energy that is effectively sold toAs the next steps in this research, a parametric optimization
the grid with the energy that could have beenis proposed to determine the optimal sizes of the different
generated under ideal conditions (considering theechnologies involved, considering both capital expenditures
maximum capacities of the hydroelectric and(CAPEX) and operational expenditures (OPEX) to maximize
photovoltaicsystems). It allows for an assessment ofenergy sales. Adtionally, the use of various turbine
the operational efficiency of the system, identifying technologies and types of hydroelectric plants will be
possible losses or limitations, whether due toexplored to evaluate their impact on the efficiency and
technical restrictions, insufficient hydrogen storage profitability of the hybridized system. Finally, the
or operational decisions that affect overallimplementation of pilot projects is planned to vale#be
performance. theoretical results obtained and adapt the models te real
world operating conditions.
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AbstracH Extreme weather events pose significant
operational risks to wind farms, yet analyzing these rare
occurrences remains challenging for digital twin (DT) systems
designed to mirror physical assets. The complexity of a wind
farm (WF) energy production system only adds to the
aforementioned challenge. This paper introduces a novel
adaptation of the Loss Distribution Approach (LDA) to
quantify and manage these risks within WF DTs being
developed under the Horizon Europefunded TWINVEST
project.

The LDA is usually better known in the insurance and
banking sectors as it is used in relevant advanced risk
management practices for assessing Economic Capital
requirements for operational risk. The LDA offers a
methodological framework that is wellsuited for modeling
low-frequency, highimpact events. As such, it may be
considered appropriate for accounting for extreme events and
related consequences. Moreover, the proposed methodology
is both flexible and adaptable to different configurations of
wind farm and context setting, thus offering added value in
the development of the wind farm DT. Nevertheless, its
application in the WF sector necessitates careful
understanding and examination of the underlying principles
and assumptions. Our implementation adresses key
challenges in transferring LDA from financial to renewable
energy sectors, including parameter estimation from limited
historical data and integration with existing wind farm
monitoring systems. Key assumptions, and important
advantages of theproposed approach in relation to other risk
analysis approaches that have been considered in the WF
sector are also discussed.

Indicative results based on synthetic field data showcase
how the proposed approach may provide valuable insight to
decisionmaking in the management of operational costs. This
research contributes a methodological bridge between
established financial risk practices and emerging DT
applications in renewable energy, offering wind farm
operators enhanced capabilities for resilience planning
against increasingly volatile climate conditions.

Keyword$® loss distribution model; risk
analysis; wind farm digital twin.
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INTRODUCTION

wind farms (WFs) are complex energy production
systems that pose significant operational risks and
challenges for sustainable energy production. As renewable
energy sources gain prominence in the global energy
landscape, ensuring their resilience againimate
extremes becomes crucial for energy security and
sustainability goals. DTs, which provide a virtual
representation of the realorld system for mirroring the
behavior, performance and changes of their physical
counterpart, offer promising solutiorss WF simulation
and decision support tools for monitoring, predicting, and
optimizing WF performance for WF operators and decision
makers. Accurate
the form of Digital Twins (DTs) is challenging per se due to
its complexity, moreover their effectiveness in managing
risks from extreme weather events that are scarce by
definition, often resulting in highmpacts can be further
diminished.

The Loss Distribution Approach (LDA), originally
developed in the banking sector for operational risk
assessment under Basel regulafiblp offers a promising
framework for addressing this gap. LDA provides a
structured methodology for separately modeling the
frequency and severity of risk events before combining
them to estimate the total loss distribution. This approach is
also applicabldor rare events where empirical data may be
limited.

Traditional risk assessment methods often fail to
adequately capture the full risk profile of these How
frequency, higkseverity events. Several applications of the
FailureModeEffect-(and Criticality}Analysis FME(C)A
exist in the literature (e.d2], [3]) often combined with
Fault Tree Analysis (FTA [3]), RiskPriority-Number
(RPNT [4], [5]) or CostPriority-Number (CPN' [3]) for
identifying root causes and risk factors causing component
failure and their associated cost. Other notable risk
assessment methods include some combination of expert
interviews (e.g.[6], [7], [8] for identifying critical risk
factors, risk ratings and risk treatment options, with
Structural Equation Modeling (SEM e.g. [8]), SWOT
analysiq9], indicatorbased risk ratingelO] or Analytical
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Hierarchy Process (AHP) risk factor rankiiid. Thorough
probabilistic approaches combined with structural modeling
and resulting fragility function§l1], event tree methods
with failure probabilities calculated by reliability methods
[12], or Bayesian approachi@s3] have also been proposed.

The majority of these methods focus on the wind turbine
configuration or specific suassemblies at different settings
(i.e. onshore, offshore). Often, these methods are tailored
to the specific WF configuration and context that are
applied, thus makintheir applicability not straightforward
under a different context. As such, we argue that the level
of detail, effort and relevant information needed for
expanding these methods to the whole WF setting is
extremely tedious for their practical applicatiomda
integration in DTs. Furthermore, many of these methods
depend significantly on expert judgment, which is not
always easy to obtain, introduces subjectivity and increases
the potential for uncertainty in the results. Other reliability
and failure analysi approaches have been proposed, such
as in e.g.[14] for conditionbased maintenance cost
optimization and[15] which combined it with Pareto
analysis for prioritizing critical factors which caused
failures of the system. However, a key limitation of these
studies is that they did not differentiate failure rates across
various wind turbine configurations and WF days.
Additionally, they did not distinguish between failures
occurring during normal operation versus those resulting
from extreme weather events.

Stochastic  financial approaches applying MC
simulations to probabilistic cash flow analysis combined
with risk modeling using financial indices based on
macroeconomic data have also been proposed for the
valuation of WF projects by accounting for the Calpgind
Operational Expenses (CAPEX and OPEX, respectively)
[16], (Yildiz, Hemida, & Baniotopoulos, 2024)Such
methods, however, lack the granularity necessary for risk
attribution to extreme weather events.

Methods based on advanced statistical and stochastic
concepts have also been proposed: the combined use of
extreme value theory (EVT) methods with Copulas for
simulating a WF composed of various wind turbines based
on individual wind turbine failure rateand resulting
downtimei direct cost from failure (i.e. spare parts, labor
and repair logistics) and other major WF assemblies beyond
the wind turbines were not considerdd]; [19] argued
that, although tempting, instead of using theé¢ wi nd
turbine as a generic entity and impose operational control
from this operisimEaomatxidvreuém r e |
can best be achieved through the use of the methodology
described herein to allow treating the fleet as a data
compiling collective, and capture the similarities between
turbines that exist on a statistical level, while
acknowledging the uniqueness in their operational
behavioro . They
based on SCAD/Aield data and Bayesian Gaussian mixture
models (GMMSs) as a clustering technique to relate loading
conditions to operational zones within the WF. They
acknowledged the limited availability of field data as the
main limitation of their approach for evaluag a variety of
different cases. IN20], a multivariate analysis using
Copulas combined with indexed selarkov chain
(ISMC) models and Monte Carlo (MC) simulations to
reproduce the spatial
power generation.

These methods, although making use of advanced
statistical concepts (i.e. EVT, Copulas, Bayesian Networks
and Markov processes) are, arguably, more easily
extendible and adaptable to the WF DT setting, including
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major assemblies beyond the wind turbines already
considered; we were thus guided by their reasoning in
selecting our proposed use of the LDA.

Within the context of the TWINVEST project, which
aims to develop DT technology for WFs, integrating robust
quantitative risk assessment methods is crucial for
supporting investment decisions and operational strategies.
This paper presents an adaptatiorthef LDA framework
specifically tailored to WF risk assessment, with a focus on
extreme weather events and discusses the inherent
assumptions, challenges and advantages for its
applicability. Furthermore, it provides insight on how the
LDA can be integrattinto WF DTs to enhance decision
support capabilities. In this respect, it must be mentioned
that the resulting consequences for the failure events that
were analyzed were considered only from the cost
perspective; moreover, optimization of the mainteranc
process or the OPEX was not in the scope of our research.

The paper is structured as follows: Section 2 presents the
research approach and methodology; Section 3 addresses
data requirements and sources; Section 4 discusses the
model implementation; Section 5 presents results and
discussion; and Section 7 concladeith recommendations
and future work.

METHODOLOGY

Research approach and methodological rationale

The selection of an appropriate risk assessment
framework for WFs exposed to extreme weather events
requires consideration of few major factors. First, the
framework must handle the rare nature of extreme events
while still providing reliable risk estimate Second, it
should accommodate the significant uncertainty in both the
frequency and impact of these events. Finally, it must be
able to support a DT architecture by being customizable in
different context. Key criteria that support these factors are
thefollowing:

The approach must be representative of WF operations
without becoming overly complex, considering the
intricate nature of the WF system.

1 Flexibility is needed for accommodating different WF
setting and context.

I Modularity is essential to allow for future adjustments
without complete system redesign.

1 Minimal data input to support usétendliness.

iﬂ aSquqrt{-/iv e perabillity and data integration from the
various ssemblies.

i Obtain data from existing WF monitoring systems or
records from existing databases to favor a-lested
approach over expert opinion, when available.

1 The methodology needs to be scientifically sound,

pr o-mered lamework mu | t {ransparent, and traceable.

The LDA satisfies these criteria by providing a
statistical framework that separately models the frequency
and severity of failure events before combining them to
estimate the total risk exposure. This approach is
particularly weltsuited for assessing wéar hazard
consequences studied from a cost perspective, similar to its
application in the banking sector. At the very least, the LDA
does not require more data than risk approaches discussed
s d&td/ thah MdBO S
of those. Moreover, as we next argue, the data it requires
may be more easily available or collected, if planned
accordingly.
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The Loss Distribution Approach framework

The LDA framework consists of
components.

three main

The Frequency distributioriModels how often failure
events occur, typically using discrete probability
distributions like Poisson or Negative Binomial-Bih).

The Severity distributionCharacterizes the financial
impact when an event occurs, typically using continuous
distributions such as Leijormal, Weibull, or Generalized
Pareto

Aggregation methodCombines the frequency and
severity distributions to estimate the total loss distribution,
usually through MC simulation

In the banking sector, assuming that indices i and j
denote a given event type i and business line j, we may
define the following:

Assuming that the number of events within a given
timeframe is a discrete random varial¥e (i,j) with
probability mass functiop;, its Frequency DistributioR;
is:

Ca
=

o™
—_-
=

(@)

©)

Assuming that the resulting loss for one event
occurrence is represented by a continuous random variable
s, with Severity Distribution denoteds;, then, the
compound Loss Distributiohij may be provided by the
following formula where (*) indicates the -fold
convolution ofSwith itself:

NR €™ ® ® ™ @
Ng T W T
Figure 1 depicts the aforementioned LDA distributions.

Frequency Distribution Severity Distribution

Loss Distribution

Expected 999
Loss Percentile (VaR)
—_—
Unexpected Loss

Probability

Operational Risk Loss

Figure 1: LDA distributions
The resulting Loss Distribution provides key risk
insights, such as: &xpected Loss(): average loss over
time; b) Value at Risk VaR): percentile measure
representing the worstise loss within a confidence level;
¢) Unexpected Los$JL): difference between VaR and EL.
The LDA assumes:

1 Independence: The frequency and severity are
statistically independent.
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i Stationarity: The statistical properties of the losses
remain stable over time.
1 The occurrence of events follows a stochastic process.

These assumptions must be carefully validated in the
WEF context, where dependencies between weather events
may exist and where severity distributions may vary
seasonally.

Wind farm system decomposition; definition and
classification of extreme weather events

Identifying key assemblies and sabsemblies in a WF
that are largely independent of each other, meaning that
failure in one of these does not automatically trigger failures
in others, is the first, but important (as extreme weather
events often affect nitiple systems simultaneously), step
in applying the LDA. This decomposition allows for
targeted risk assessment by identifying which assemblies
are most vulnerable to specific weather hazards.

The second step is to follow a structured approach for
attributing failures to specific extreme weather events by
making use of recorded field information. The questions to
address in this regard is what constitutes a weattiesme
for the WF operation and how to consider a failure event as
being due to the occurrence of the extreme event. We
propose to adopt a threshdidsed approach that can be
applied to the different sudssemblies of the WF. This
approach offers both flexibili for the WF operatoto
consider different operational limits and allows for
considering different WF location and assembly setting,
attributes that are both desired towards the development of
a DT.

The threshold may be defined based either historical
meteorological data, WF assembly / sigsembly design
specifications, operational limits or some combination of
these. Evol@éotfwjl dore,
because of a lightning stekor an earthquake do not need
thresholds, just the actual record of the occurrence. To be
able to distinguish failures that occurred due to extreme
weather versus those arising from normal wear, we propose
to adopt a timavindow around the occurrence bktevent
that exceeds the respective threshold; if a failure is recorded
within this timewindow, then it is attributed to the
occurrence of the event, all other failures are attributed to
normal wear.

As such, following a literature search and information
obtained from WF assembly manufacturers, operational
thresholds were proposed for the different weather events
considered in relation to the WF discretization. Table 1
shows a proposed WF discretizatianto the major
assemblies and stdssemblies with the respective
thresholds for wind, ice and lightning. Of course, these
thresholds are only a convention and may be modified, as
needed.

Table13: Wind Farm (WF) discretization & used thresholds

Subassembly Used threshold for failure to be
WF .
main _attrlbuted to _extreme evgnt
assembly Wind Icing Light -
(Low T.) ning
Generator 90% T<-15Cb N/A
max\2
Gearbox 90% T<-15Cb N/A
max\2
Wind T<-1C
Turbine RH>80%
(WT) V:1-15m/s
Pitch & Blades | 9% " 7<.jpc | Recorded
(std. WT)
T<-30C
(LTC WT)d
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Subassembly Used threshold for failure to be
WF .
main _attrlbuted to gxtreme eve_nt
assembly Wind Icing nght-
(Low T.) ning
T<-15Cb
Yaw 90% T<-15CP N/A
max\2
Transmission 90% T<-1C Recorded
. lines & WT max\2 RH>80% event
S:gtigﬁn cables V:1-15m/s
Transformer 90% T<-15C* | Recorded
max\2 event
Electrical Transformers 90% T<-15C* | Recorded
system (WT) max\e event
W) Inverter/ 90% T<-15C* | Recorded
Converter max\® event
SCADA, 90% T<-10C Recorded
Sensors & max\2 (for event
g;’;ttéﬁ: Communication downtime)
System T<-30C
nor 8
rotational - - (for failure)
Lightning & N/A N/A Recorded
earthing system event
Other (e.g WT Tower, 90% N/A N/A
Foundation, max\/2e
Grid connection
substation)

2Depends on the max V for the operation of the WT recommended by the manufacturer (18
25m/s). In all cases used, it is assumed that high wind velocity may induce damage.

5 High oil/hydraulic fluid viscosity when no mechanism for oil heating or oils suitable for cold
are used for the relevant system.

¢ Icing event at the rotor; for Temperatures ranging betw®@& and-15 C, only downtime

may be considered as an (indirect) cost

due to the management decision. Recorded failures will however be considered as due to
regular operation.

4 Manufacturers Operation Limit for Standard and Low Temperature Climate (LTC) WT.
¢ Only if Tower damage is reported, N/A for others.

DATA REQUIREMENTS ANDSOURCES

Data categories and requirements

The LDA implementation requires two primary data
categories:

Failure frequency dataRecorded number of failures
for each sukassembly of the WF during the selected
timeframe (equal to one year in the banking sector) for
multiple timeframes (no less than three). A frequency
distribution may then be fitted to the data for each WF sub
assernly or for each WF assembly by adding the
respective frequencies.

Severity datacost information that is related to the
specific failure. Such cost may be the sum of direct (e.g.
part replacement cost, personnel cost, crew and part
transportation logistics cost) and indirect (e.g. revenue
losses from downtime; other secondary losseg)., from
contractual grid penalties) cost

This data enables the derivation of a Loss Distribution
for the specified timeframe, independent of the failure's
cause. However, to determine whether a specific failure
resulted from an extreme event or regular wear, it is also
necessary to consider theather conditions near the time
of the event, particularly in relation to the relevant threshold
values. Based on Table 1, such data may include according
to the weather hazards that are to be analyzed: the time of
the failure occurrence, records of falabecause of a direct
hit (e.g. lightning), wind velocity ambient temperature and
relative humidity.

Data sourcing hierarchy

For the LDA to be datdriven and reflect to the best
possible extent the particularities of the WF setting we
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propose the following prioritization for dasmurcing, in
decreasing order of relevance:

Field data: WF monitoring systems, such as SCADA,
provide highresolution operational data, including
environmental conditions and assembly statugbsence
of such information from the WF, relevant meteorological
records provided by locally available instrumentation or
satellite measurements may act as substitutes. Maintenance
logs may offer detailed information on failure modes repair
activities,and associated costs.

Industry databasesthere are various databases,
accessible for a fee or open, that can provide data relevant
to WF assemblies (e.g. database produced2y; the
Gearbox Reliability Databasénttps://grd.nrel.govy.

Expert opinion: When field data is insufficient or
unavailable, structured expert elicitation methods (e.g.
Focus Group; Delphi method) may be employed to obtain
relevant estimates from industry specialists

Assumptionstn case access to all previous options is
unavailable, the literature and engineering judgment may
provide relevant information with justification.

Data challenges and solutions

Obtaining failure data is fairly straightforward, however
cost data are more difficult to access. Cost data are not
qaslly shared by WE_operalars, ag, sygh, infarmation s

consequ

conhsidered “sensitive. Cost may also be compxosrea orm
different elements, direct (e.geplacement part, labor,
transportation) and indirect (e.g. energy production loss due
to downtime), hence it is important for WF operators to
keep detailed logs of the cost resulting from a failure event
or from inspection/monitoring activities. In the text of
DTs, interoperability of modules that keep track of
downtime with those calculating energy production loss is
important for assessing indirect cost. Integration with the
DT platform requires standardized data formats and
interfaces to connect risassessment outputs with other
modules.

Extreme event data scarcity poses another challenge in
LDA implementation but other RA methods also suffer
from this. Solutions may include use of EVT statistical
methods for extrapolating the tail of distributions,
bootstrapping or pooling of data acrosinilar WFs
accounting for sitespecific factors, and data normalization
to account for differences in assembly characteristics (e.qg.
size, age, technology) to ensure comparability across
sources. Use of Bayesian updating as new data becomes
available coud also be applied.

With regard to satisfying the key assumptions the WF
context offers another important challenge. A single
extreme weather (risk) event, such as a strong wind, may
result in multiple failures. These may be within a single
subassembly (e.g. generators of tiplé wind turbines
failing) or across subassemblies (e.g. multiple generators
and inverters). We note that the failure of one subassembly
does not directly cause the failure of another subassembly,
nevertheless, it is possible that are both attributabtbet
same underlying risk event. This triggering of multiple
simultaneous failures, although not attributable to a
cascading effect, introduces dependence in the LDA
process as failures of subassemblies are not statistically
independent. An extreme eventreases the likelihood of
multiple subassembly failures.

For weather events for which the occurrence of an event
may result to only a single failure, such as lightning, the
LDA may be implemented by fitting failure frequency and
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cost severity distributions for each relevant combination of
subassembly / event type. However, the adaptation of the
LDA in the case of an event (e.g. strong wind / earthquake)
that may cause multiple failures within and/or across
subassemblies simultanesdy must follow one of the
following modifications:

Aggregate loss model (ALMgach extreme weather
event that results to a failure is treated as one event. The
frequency distribution still models how often the event
occurs, however the severity distribution models the
aggregate loss per event occurrence from all affected
subassemldis (i.e. the total sum of cost from all failures
that resulted due to the event). This approach is simpler to
implement and models directly the systemic risk. It is the
only that can be applied when records of total losses are
only available. However, it loses the granularity and
subsequently the ability to gain insight with respect to the
contribution of different subassemblies which may be
useful when trying to assess different configurations.

Use of a Compound Event Process (CERg: use of
a CEP would allow to model the event occurrence
separately from the modeling of the subassembly failures
conditional on t he
distribution is used for both processes, this is known as the
Compound Poisson ProcessHowever, different
distributions may be used for each process. This option is
a more refined and granular version of the aggregate loss
model. This approach ignores shared causality unless
correlation is added throhghe use of copulas.

Use of Copulasthe use of copulas may allow to
model the spatial or dependence structure between
subassembly failures by looking at their correlations.

In case we would apply the LDA by treating subassembly
failures as separate events, two main pitfalls would result:
a) we would be over counting the events and b) we would
be splitting the total loss that would have resulted from an
actual weather eventtinseveral smaller losses. This could
skew the resulting the Loss Distribution and underestimate
its tail in the case of rare but higleverity events, in
particular for extremely heavtpiled or skewed severity
distributions. In such case, risk metricsyni® used only

for providing lower bound estimates of possible capital to
allocate but these would be insufficient to properly model
or assist decision making in relation to insurance
structuring or actual financial impact.

MODEL IMPLEMENTATION

We showcase the LDA model implementation for the
case of a small 8 MW onshore WF and recorded data that
span a 5/ear time period. Weather data were obtained from
SCADA records. Such data were useful in differentiating
between failures due to extreme egeatcording to the
relevant threshold. Next, adaptation of the LDA followed
the ALM approach and compared it to the case for which
fitting of failure occurrence is performed instead of the
fitting of events with aggregate costs per event.

Distribution selection and fitting for failures and costs

Failures were identified from the maintenance and event
logs. All failures were due to the effect of high winds.
Furthermore, all failures were generatype of failures. As
such, we considered osebassembly type WF system and

distribution over the fyear period for events that exceeded
the threshold.

The event occurrence was modeled by fitting a Poisson
distribution to the failure events. Two cases were
considered: a) the occurrence of total events per year, and
b) the total failures observed per year. Case a) is consistent
with the ALM approach whersacase b) fits individual
failures.

Table 2: Recorded failures per wind event above threshold

Year | Total Recorded failures per event occurrence
Events

1 2 3 4 5 6
1 2 4 5
2 3 3 2 1
3 6 4 8 3 5 4 3
4 3 4 3 4
5 2 3 5

In relation to the severity, as the cost of failures had not
been recorded, each failure was assigned a relevant cost that
was randomly generated from a Lbhgrmal distribution

event 6swithgeap ©10.p ang faadard devfationz 0.7PAs suehsbd n

cost values were dgsed in total, one for each failure.
Three distributions, the Lelormal, the Generalized
Pareto and the Weibull were tested for the data set of
resulting cost values. Parameters for these distributions
were estimated using the Stats library of Python and
maximum likelihood estimation. It is important to note that
the fitted cost values are different for each case. In case a)
(i.e. the ALM) cost is the sum of the cost that is assigned to
the total failures that were recorded for the specific event;
in case b) the cost is the value obtained from the
aforementioned random application of the iNgrmal
distribution.

Simulation framework

The LDA was implemented via MC simulations as
following: 1. Random numbers representing events (case a)
or failures (case b) were generated from the fitted frequency
distribution. 2. For each event, a sampling from the fitted
severity distribution returnedhe respective cost. 3.
Aggregation of the sampled severities (i.e. costs) returned
the total loss for the specific event. This process was
repeated for 1,000,000 times.

The simulation was implemented in Python
environment, by developing scripts that asked for user to
designate the fitted frequency and severity distributions and
input the relevant parameters. We recurred to specialized
statistical libraries (i.e. Stats) rfogenerating random
numbers from the fitted statistical distributions. Modularity
and vectorization were applied in coding for obtaining
computational efficiency; overall the simulation took a few
seconds on a 16GB RAM PC with an Intel(R) Xeon(R)
CPU E51620 0 @ 3.60GHz processor.

RESULTS ANDDISCUSSION

Next, the results obtained for each case are detailed and
discussed.

Case a): LDA- Event modeling (ALM)
Fitting' of the Poisson distribution to the failuzausing

one extreme event, i.e ghi wind. Table 2 shows the failure event occurrence returned
1 The fitting of various distributions follows the distribution definition and
parameteri zati Btatls of Pythonds I|ibrary
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(average annual frequency) of events equal to 3.2
events/year. For the severity distribution the Weibull
performed the best fitting
(scale) (standard deviation) equal to 2.19 and 163,901.08
respectively. Figure 2 shows the(@plot of the Weibull fit.

The AndersofDarling (A-D) test value was equal to 0.3798
and smaller than the -B critical value equal to 0.608.
Figure 3 depicts the resulting LDA and the respective
metrics from the MC process for 1,000,000 frequency
distribution simulations.

Figure 2: Q-Q Plot Figure 3: LDA metrics

used for insurance purposes. Next, we can observe that
when Poisson is used to fit the frequency data for both cases,
thd ALM Ulpis 1.72 timeet greater thdn tilesUh eepulting a n
from the individual failure modeling. This can bepkined

by the fact that the tail of the fitted distribution is more
accurately captured by the ALM. An interesting finding is
the similarity of results between the ALM with case b) when
the NBin is used to fit the frequency data. This may be
attributed n part to the fact that the-Bin captures better

the overdispersed failure data of case b) than the Poisson,
which in turn results in a heavier tail Loss Distribution, and
the absence of heatgiled severity distribution;
nevertheless the key LDA assuimops are better satisfied

by the ALM.

The analysis also reveals the importance of threshold
definitions, which is a conventional measure for
determining which weather events are considered extreme.
It can be expected that selection of different thresholds will
also affect the fitted distributn parameters, hence further
analysis is warranted for exploring such impact on the

Weibull fit (frequency data: Poisson) - -
The EL was equal to U464, 2¢dting DA metfcs. THes bpA \agpppach gayaalso
to 0991, 740 which exceeds thighightghe imgojtancg that limited fata ngay hage on 4
resulting in an UL equal t oresylting metrigs sFor expmple. for Fh% AN-Micaggvanyingg  t
importance of using a probabilistic approach in risk theaverage umber of event oOoccurfer
management. year-/+ 50%, i.e. from 1.6 to 4.8, while keeping the same
severity distribution, resul
Case b): LDA Individual failure modeling 50%) to U696, 494 (+50%); the
Fitting of the Poisson distribution to the failure 37 . 5%) t o 1, 3 3thereaslitiBg UL frofn4 . 3 %

occurrence returned an est
annual frequency) of failures equal to 12.2 failures/year.
However, exploratory analysis of failures yielded a variance
equal to 71.7 failures/year. &hhigher by a factor of six
variance indicates that theBin may be a more appropriate

fit than the Poisson for this process. The resulting
parameters for the 1Bin were: size (n) = 4.4284 and
probability (p) = 0.2663. For the severity distribution the
Log-Normal, performed the best fitting, as expected since
the cost values were derived from a k¥grmal, with
parameters € (mean) and
10.26 and 0.73 respectively. The Anderfmarling (A-D)
test value was equal to 0.4335 asrdaller than the A
critical value equal to 1.0807. For comparison purposes, the
MC process was run both for the fitted Poisson and the N
Bin. The resulting LDA metrics are shown in Figures 4 and

a

Figure 4: LDA metrics
(frequency data: Poisson)

Figure 5: LDA metrics
(frequency data: NBin)

U8t e BY DA met 6r UH3BavdPage
emphasizing the importance of availability of historical data
for robust parameter estimation.

Pros and cons of the LDA

The aforementioned results provide some insight on the
potential advantages of the LDA in the context of WF DT
setting, in particular in comparison to the traditional risk
assessment methods. Nevertheless, its thorough application
raises also some challergy Table 3 summarizes these.

(1218 Mdhadvaftaged hd chaflehgbsfofthe us€ofiLbR |t

Advantages Challenges

Computationallyexpensive
requiring MC simulations.

Flexible approach can accommodatg
different WF configuration, setting
and weather condition§ appropriate
for DT

Risk control and segregation
enhances understanding of risk
exposure across WF assemblies

Requires somexperiencein
fitting distributions, particularly
when data are limited

Risk attribution : able to allocate risk
to different hazards and differentiate
from regular operation

Use of Cupolameeded to
account for complex
interrelationships /
dependencies of WF assembli
/ hazards

Probabilistic approach: facilitates
risk-based decision making

Requireghorough
understanding of the
underlying assumptions

Adaptable: easily modifiable input to
allow for stress and, scenario testingj

Applying the LDA for
modeling of multiple failures

TheELfortheNBi n fitting was e q WhiBws to studd the infiicatifins o [ dlie to@h& sBme event increas
the 95% VaRe q u a | to 0974, 375 wh i |dilferenecontibgeney cheasures h € thebddelindpcympledity
factor of 2.14 resul ting i rEasepfapplidgblityregugesi al | t o U509, 508. T
respective numbers for t hel|Mpiunanguygidatainielptioni ng were 0454, 4°
(EL) (760.860 (95% VaR) wiLoferRimenodse ¢ o oqual to 1.67 an
' : \ Field dataZdriven appFoach: field H :
an UL equal to 0306, 482 data usually readily available to WF

Comparative analysis

The aforementioned results reveal some important
features: First, we notice that the ALM may result in
different fitted distributions both for the frequency and the
severity data compared to case b). This may have important
implications, in particular fathe VaR metric, which is often
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ISSN 30574269 48

operators (SCADA, maintenance /
event logs)

Applicable to extremes & possibility
for insurance modelling used in the
banking and insurance sectors

In short, the LDA offers the flexibility and adaptability
needed in extreme weather risk assessment in DT setting

ESCC205



using fieldbased data and supporting risksed decision
making. However, obtaining sufficient granularity for the
different subassemblies may call for advanced statistical
methods and increased model complexity.

CONCLUSIONS ANDFUTUREWORK

The LDA provides a statistically robust framework for
quantifying risks through MC simulations. This study
discussed the novel adaptation of LDA from the financial
sector to WF operations and its suitability for integration in
DTs.

Key findings indicate that the generation of probabilistic
risk metrics (EL, VaR, UL) may provide valuable insight
for informed, riskbased decisiomaking. The sensitivity
of results to distribution selection and parameter fitting
underscores the importag of high quality input data,

understanding of the underlying assumptions and choice of

threshold. This is even more important in the context of rare,
catastrophic weather events for capturing the tail behavior
of the Loss Distribution.

The flexibility and adaptability of the LDA in different
context combined with its compatibility with data collected
from SCADA systems and maintenance logs offer the
following practical implications and benefits:

For WF operators, the LDA facilitates cdmised risk
qguantification, underpinning budget contingencies

(resilience / preventive maintenance / assembly upgrade

priorities), insurancstructuring, and recorkeeping.
Enhancing maintenance logs with grandast details and
field weather data tied to specific thresholds will improve
and refine the deployment of the LDA.

From a DT perspective, the modular and ditaen
design of the LDA makes it wedluited for integration into
DT platforms, enabling scenario analysis while also
supporting interoperability with field measurement systems
for dynamically updating risk privéés.

Limitations include assumptions of statistical

independence and event stationarity, dependence on sparse

historical/cost data in a changing climate context and
increase of modeling complexity when accounting for
dependent or compound failures or for demwics
between different weather hazards.

Future research should explore the use of more

sophisticated dependency structures such as CEPs and
Copulas to model dependencies among simultaneous

failures by considering multiple WF

assemblies/subassemblies. Incorporating climate change

projections intadhe frequency models or integrate the LDA
to maintenance or OPEX optimization are also potential
research avenues.
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Abstrac Electrifying bus fleets is a critical step toward  foundation by integrating charging scheduling constraints,
sustainable urban mobility and the modernization of public  which made it possible to consider this aspect of the problem.
transport systems. Yet, the deployment of charging However, the state of research at that point in time, did not
g‘;;zfrt]:ﬁﬁ:]“re Crr(]a;r:ag;s |gcar1?§f’10; ?E:{Ie%gailnc%ang:uggt)i/or:gl account for disaggregatevel constraints that consider the

9 9 P charging sheduling of individual buses to specific time slots

efficiency with economic feasibility. This paper presents a .
planning model that identifies the optimal locations for charging throughout the day. Later studies expanded the scope of the

stations that support the daily operation of an electric bus fleet. Problem: Foda and Moham¢#] examined flexible charger
Focusing on the Charging Station Location Poblem for Electric ~ placement in dense urban settings and introduced deadhead
Buses (EBCSLP), the model integrates tactical transport times as recovery periods between trips, while Gairola and
planning decisions, most notably charging scheduling, within a Nezamuddin[3] emphasized the inclusion of Tirod-Use
strategic planning framework that involves setting up an (ToU) tariffs and peak demand charges in rmoitfective
optimal charging stations network. The primary aim of this models. Wang et al[4] also proposed an exact MILP
article is to demonstrate the impact of explicitly incorporating formulation that accounts for deadheading distances and ToU

the charging scheduling component, as opposed to strategic . . . .
planning approaches that omit it. Formulated as a singte tariffs, though their framework did not consider the effects of

objective mixedinteger linear program (MILP), the model multiple charger type_s or maXImum demand Chgrges.

minimizes monetary costs associated with deadheading Recent studies increasingly focus on disaggregate
distances, installation costs of the chargers, as well as daily level charging schedules and the integration of energy system
energy consumption costs. The intamctiens.6lsu etpal.[5]i ¢6h tadvancedt the fieddwbyY o r k
City data highlights its ability to generate practical insights for  incorporating detailed bet®-charger assignments, specific
planners and transport authaities. charger types, and operational costs such as peak demand
charges. Their research highlights the importance of
capturing the operational complexities that arise when
chargingschedules are linked directly to fleet operations. In
INTRODUCTION parallel, other studies such as He et[d]. developed bi

objective models that analyze the traafEbetween costs and

The electrification of public transport fleets is a key Strateg)ﬁeadheading distances, yet they do not fully address the
for reducing greenhouse gas emissions and mitigating urbap K

air pollution. With buses at the center of this transition, publi charging scheduling sytroblem or validate results using

transport services operators face the challenge of deplo igargescale data.
P P 9 ploying Taken together, this brief literature demonstrates a

adeaiate charging infrastructure while maintaining rellablecIear trend toward integrating tactical and operational

and coskflective services. dimensions into strategic planning for electric bus fleets.

Mathematical programming models, such as the on ; ; . i
proposed here for the Electric Bus Charging Station Locatioﬁowever’ few studies provide experiments and specific

.~ “comparisons between problems fatations that use
Problem (EBCSLP), offer_avaluapleframgvyorkfortacklmg charging scheduling constraints for the -EBLP and
these challenges. By integrating decisions on charg

placement and charging schedulssch models can help %’r oblem formulations that do

S . .present study, which contributes by explicitly modeling
operators minimize operational costs, reduce deadhead“ﬁ@saggregat@vel charging scheduling and by applying the

distances, and align charging demand with grid constraints.
Although mathematical programming approaches are not yglp proach to rdaworld data from Manhattan, New York.

Keyword$ electric buses, charging scheduling, charging station
location problem, mixednteger linear programming

widely adopted in practice, they have the potential to stippo METHODOLOGY
transport authorities and operators in planning efficient and . )
sustainable electric bus networks. Problem Parameters and Decision Variables
The mathematical formulation presented in this article
LITERATURE REVIEW follows the nomenclature of the recently published research

The EBCSLP has been studied in recent years to &y Gkiotsalitis et al.[8] and Rizopoulos et all9]. The
considerable degree, with proposed mathematical modefgoblem formulation considers a set of bus tiipswhich
varying in their objectives, planning horizons, andrequire charging at specific locations and times during the
constraints. Early contributions, such as[#nlaid the duration of a single day. These tri 0 must be allocated
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to available candidate charging statiofs (, which are minimize Q& N N OB

spread out at locationis, and are available at different time M. o (1)
slots (setsO, "OR0). The main aim of the problem is to Y& OB

minimize both financial investments and operational costs -

(deadheading and charging costs). Two types of charger types 06 "YOu

are considered: slow and fast which are represented by sgijective function (1) is formulated to minimize the total
U and0 . The model integrates three planning horizonsinonetary costs associated with the alternative charging
charging slots for slow (s&) and fast chargers (s€)), and  station configurations (feasible solutions). The first
demand charge time slots defined by the energy grid operatghmponent represents the cost incurred from deadheading
(setO). (with dcbeing the cost per minute), defined as the travel time
The decision variables of the problem include thepetween the end of a bus route and the assigned charging
binary assignment variableésim ho  andé . Variable  station (specified a& ). The second term captures the fixed
& takes the value of 1 when a charger is installé®ab,  capital expenditure related to charging station installation,
whiley takes the value of 1 when bi@ 0 gets assigned with ¢ being the monetary cost of installing chargerThe
to chargef® . Variabled  takes the value of 1, when a third component reflects the daily charging costs, determined
bus™ 0 gets assigned to a slow chard@r 0 and time by the charging schedule and the ToU tariffs (parameter
slot™Qn "0, or is zero otherwise. Similarly,  is used for Y€ Y. Finally, the fourth term accounts for costs arising
assignments to fast chargé®s O and their respective time from peak demand charges and multiplies decision variable

slots QN O, Ou , which takes the value of maximum power output

Several dependent variables are introduced to capture tf@nsumed from the grid with parame@1 Y which is the
interaction between the charging station network, the enerd§PSt penalty applied by the energy authority@v .
grid, and the electric buses. The variab¥s and™O are Moving on to the constraints of the baseline MILP
binary indicators specifying whether any tifs assigned to forn_1ulat|on, Constralnt .(2) ensures consistency petween
charge at a slow or fast chargeuring a demand charge time ass!gnment and mst'allatlon.demsmr!s by allowlng'a f[rlp to be
slot "0 To accurately represent energy transfers durin SS|gneq to a charging station only if that station is n_15tal!ed.
charging, the model defines a set of energy flow variables.tciJI:;f;}(g‘"“t:1 t a(t3 I)egsutacr)igets;i tngsfvﬁge:,?sg?gegugﬁlog IS
Variable ' 05  denotes the amount of energy transferre y P 9 o

. . L . i chargerj through ] ), preventing idle or unnecessary
from a slow chargejrto bus tripk during time slof®, while investments. Constraint (4) enforces that each trip is

Oo. (I:aptures thg gnergy "del|vered from a fa;t chargelonnected to exactly one charging station. Finally, Constraint
during time slotQ Similarly, 06 andO0  quantify the  (5) incorporates the investment limitations of the operator by
energy provided from slow and fast chargers, respectively, tensuring that the total cost of installsthtions does not

a bus tripk in each demand charge time sldis At the  exceed the available budget.

aggregatdevel, the variabl®©'@ measures the total energy n wh v fihl Q" 2

consumption at all chargers, both slow and fast, within each

demand charge time slot. Final§®™2 *represents the A of o (3

maximum power drawn across all demand charge time slots W

"QN "0, reflecting the peak load imposed on the energy grid

by the charging activities. Ao pA Qi (4)
Finally, given that buses need to charge at specific time W

pointst within the day and we know their State of Charge od b (5)

(parametefYé 0 at that pointjt is assumed that the energy -

that can be transferrgd from a charger to th_e bug only depe”_@%nstraint (6) guarantees that if a bus is assigned to a
on the type and location of charger that their assigned to. Thifiarging station, it can start charging in at most one slot,
is why the parameters © andu ‘© are introduced as gijther slow or fast, at that location. Constraint (7) enforces
precomputed values that specify the amount of energthat each trip is scheduled to exactly one charging slot
required to recharge any blasif an assignmeny occurs. overall, ensuringconsistency in the allocation process.
Finally, to link between time horizofi®,"0,"0, precomputed Constraint (8) introduces a capacity restriction for slow
parameterg anda are used. For examplgy N "O takes the chargers by allowing at most one bus to occupy a given slow
value of"O based on the sléQ that a time slotQ belongs to. ~ charger time slot. Similarly, Constraint (9) applies the same
Similarly, & takes the value JD for each'Q based on whichQ ~ restriction to fast chargers, ensuithat only one bus can be
that specificQ belongs to. assigned to each fasharger time slot.

The Mixedinteger Linear Formulation (MILP) © © o lofino ©)

To evaluate the proposed concept, we utilize two MILP 6 ' 6 off On f (7)

models, one that incorporates a tactical planning set of . L

constraints, and one that does not. These two models can be - ) . 8)

derived based on the following baseline formulation, which 0 p @ hion

is given below starting h objective functior) . " L 9
o o 10" Ron ©

N fi
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Constraints (10) up to (13) are the charging scheduling £ &  pthen the transfer of energy should be equal to
constraints, which are central to the results presented in th@g & (for all slots’Q, except for the last one).

article. Constraint (10) ensures temporal feasibility at slow 06 0tfo® h (20)
chargers by requiring that charging can only begin after the Lov fi Bl R ON

bus has compled its trip and traveled to the station. "

Similarly, Constraint (11) imposes the same condition for % b i h (21)

buses assigned to fast chargers. Constraint (12) guarantees
that charging at slow chargers must begin before the latest
permissible start time defined foeach trip. Finally,

JTov fihl "™ Rl Qo

Constraint (13) applies this latest stme requirement to Lo O h (22)
fast chargers, ensuring that the charging schedule remains ! ‘@ fihl '@~ hi"Qv —daQ "O8Y
feasible with respect to operational constraints.
b6 O 6 & z o h (10) (0% o& 0i6 h (23)
Qe finl @™ hloy I iR RlQN  dQ o8y
0 6 06 O z b, (11) Constraints (24) and (25) ensure that when a charging session

at a slow charger continues into the next demand charge time
slots, the remaining energy requirement is correctly
transferred forward (as discussedd}). Constraints (26) and

PO finl @™ hlQy |

P JOTQ fLi) i % . wﬁl ,,Qr,] ° h (12) (27) work similarly to (22) and (23) but for fast chargers.
- Constraints (28) and (29) guarantee that if charging at a fast
. o . L charger extends into the following demand charge time slots,
p 6 0 06 ®w n o h (13)

Lo f B R CON the remaining energy¥O ) requirement is accounted for in

Constraint (14) ensures that the energy delivered at a sloi’® nextinterval. Finally, Constraint (30) aggregates the total
charger slot is conditional on the slot being selected by arfg€ray delivered across all slow and fast chargers in each

bus ‘Q 0 if the slot is not chosen, no energy can b emand charge time slots, providing the basis for computing
delivered. Similarly, Constraint (15) enforces the samdne overall system demand.

activation rule for fast chargers, guaranteeing that energy  _ (?°~ . v o YO h (24)
delivery is tied to the selection of a valid charging slot. boefinba hor - dQ oY p
®  bto | (14)
oy fihl T RN 06 YO ©0te R (25)
" iRkl ” RNy . dQ  "O8Y o
% 0f6 | (15)
"oV fiRl @™ Rl on 06 0o od h (26)
Constraints (16) to (19) guarantee it andQd  take Lovfi Rl QT RQY dQ O8Y
the proper values when assignments andé  occur. In
more detail Big-M Constraints (16) and (17) specify that if a % o0&  0i6 27)

bus is assigned to a slesharger slotQ~ "0, the delivered
energy must be equal to the precomputed charging energy
value ofd ‘@ for that charger and slot, ensuring the vehicle

I'ov fiRle ™ RlQv - dQ o8y

receives the required amount. Similarly, Constraints (18) and ‘06 06 YO h (28)
(19) guarantee that buses assigned to-dlaatger slots I fikle” RlQNy . dQ 08y P
receive at least the recomputed amount of en&rgy . )

04 O p 6 0@ h (16) 06 YO 0i6 h (29)

Vo fi RV " RE QN o e e e .
'y fihh @ hiQy ~ dQ "08Y p

(04 0p o 0@ h 17)
I fihl " RQN 06 06 05 h (30)
o) b p 6 56 h (18) e
V' fiRl ™ hlQn In Constraints (31) to (36), the modelling of peak demand
charge is presented. Constraint (31) defines thepg@eod
(0] O p o6 0® h (19) usage indicators for slow chargers by linking them to the
1"y iRl ™ Al Qv | assigned charging slots, ensuring that utilization in each

Constraint (20) links the energy delivered at stdwrger demand charge timeak is properly captured. Constraint
slots to the corresponding demand charge time slots, ensuri(@R) establishes the same usage indicators for fast chargers,
that’Od takes a value other than zeroQb takes a reflecting their activation across periods. Based on these

value other than zero. Constraint (21) performs the saMQd'Cator.S’ Constraint (33) cal_culates the peak qemand
ontribution from slow chargers in each derd charge time

mapping for fastharger slots, so that their ener use is als§ : .
PPIng g 9y ots "QN "O, while Constraint (34) performs the

reflected in the respective demand periods. Constraints (23 . . .
P P ( %rrespondmg calculation for fast chargers. Constraint (35)

and (23) guarantee that once a slow charging assignme o .
(23) g ging g then aggregates these contributions to obtain the total peak
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demand across both charger types for each period. Constrathe corresponding average kWh prices for the same period to
(36) ensures that variabl®™? *takes the actual maximum derive the ToU tariffs utilized in the analysis. Peak demand
value of peak energy demand across all time ¥lp&s it has  charge values were sourced from a report issued by the

been recorded YD . National Renewable Energy Laboratoily€bsitg. For the
5i 6 O ai o - ope_rational context, c_lata on the N_ew York bus network
v o (31) during the study period were obtained from the openly
e R oY) available General Transit Feed Specification (GTFS)

provided by TransitFeedsMebsitg and the Metropolitan
(32) Transportation Authority (MTA). The case study focuses on

0t o YO a4t 6 h - p _ .
i > bus lines M1land M2 (Figure 1), and M4 (Figure 2) operating
(N I B o L in Manhattan, New York. Since it is hard to know the exact
number of buses required to run the services, we estihiate
© 60 i™YO H "Qw (33) number by solving the Single Depot Vehicle Scheduling
- ) Problem (SBVSP) [10] for the trips schedule available for
o wx S (34) the time under study. The solution to-$1SP derives that 73
(0] ov tYO h 1™Qnv .
- buses are needed overall to run the services for the three bus
~o 6 R on (35) lines. So, in this case study we assume that_ _73 puses vyill need
‘dmax *yioh | QN (36) to charge evenly throughoutettday at specific time points

. N ).
Constraint (37) enforces the statiecharge feasibility of ( .
buses by requiring that, after completing their assigned tri We consider two types of chargers, slow and fast. At

and traveling to a charging station, the remaining battery leve ach candidate location, up to 6 chargers may be installed, 3
g ging st ’ 9 Y V&t which can be fast and 3 of which can be slow. The power
does not fall below the minimum statécharge threshold. : ! e
. . output of slow chargers is 18@/, while for fast chargers it is
This guaratees that every vehicle can safely reach a charger_ . X >
. e ; o considered 300kW. The maximum battery capacity of buses
without violating operational energy limits. . idered 350kWh d mini " bl p
v i tQ Y Fov fi 37) is considere , and minimum allowable state o
charge is 70kWh (20% o¥¢ 6 ). The time slots for slow

Constraint (38) imposes capacity limits on charging Statior(I,Eargers have a duration of 2 hours, and the time slots for fast

locations by ensuring that the number of chargers installed a argers have a duration of 1 hour. The considered day span
any site does not exceed its predefined maximum capacity.starts from 06:00 and ends at 24:00
£

©w 6@h oD (38) 'jx

' q !ﬁ
Two formulations that are compared in this study
Given this MILP formulation in the current article two cases
of problems are compared. The firstHoblem (Q),which

solves the EBCSLP when considering the charging
scheduling constraints and is defined as follows: s

01 € &0y o
Minimize 0 J:
s.t.Constraints (2) to (38).

And its solution will be compared ©1 ¢ @ 00Q dvhich
does not include the charging scheduling constraints (10) uf -

to (13), and is defined as follows: Yo
T ) I S -
U I 8 w aUQxx .. . e Ooo’ 5‘”‘ © Bus line M1 Direction 0 Oo! Legend
Minimize 0 éj EhNE e e N ézf e o
s.t.Constraints (2) to (9), and (14) to (38). T = |
Figure 18: Bus lines M1 and M2 considered in the case study.
CASE sTUDY Information on bus depot locations was retrieved from

To examine the proposed model and evaluate the distinBtblicly accessible sources. In Figures 3a and 3b, the study
cases of planning when considering tactical planning an@rea is displayed, where candidate charging station locations
when not, we apply our proposed model to data fron@ire displayed with blue markers, and last stops of bus trips
Manhattan, New York, United States. examined are disayed with orange markers.

Due to the limited availability of ToU tariff and For the solution of the proposed models for
demand charge data, this case study employs data from Magoblems v and U the academic version of Gurobi solver
2017. A daily ToU tariff profile was constructed by has been used, while the models have been implemented in
integrating hourly load data obtained from the New YorkPython. The models can be solved in a conventional
Independent System Operator (NYIS@Vebsit§ with ~ consumeigrade laptop in a few minutes (<5).
average electricity prices per kWh reported by the U.S. The solution of problems0 and 0 provide
Bureau of Labor Statistics\(ebsit9. The NYISO load data useful insights on the importance of charging scheduling
were statistically averaged and subsequently combined withthen applied to a considerably sized bus network of three bus
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https://www.nyiso.com/load-data
https://www.bls.gov/regions/northeast/news-release/2017/averageenergyprices_newyorkarea_20170615.htm
https://www.nrel.gov/docs/fy17osti/68963.pdf
https://transitfeeds.com/p/mta/85?p=8

lines for Manhattan, New York. Both solutions, as they are Based on this discussion, in Table 1, it can be obse
presented in Tables 1 & 2, calculate the optimal number,that the solution to the problem with charging schedu
location, and type of charger, as well as an assignment otonstraints proposes the installation of 10 chargers ir

buses to the charger and their respective time slots.
i ,vg

7 V2= i
Figure 19: Bus line M4 considered in the case study.
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study area to serve the 73 bus trips that require rechar
for bus lines M1, N and M4. In the columns of Table
one may notice that the chargers are selected for loca
#1, #2, #3 and #6, while in the rows of the table, it car
observed that the time slots that the buses get assign
For example, bus 2 gets assigned téast charger a
location #2 (check Figure 3b), at time slot 13:00 to 14
In the same way, bus 55 is selected to charge at a
charger at location #2, and occupies offeo@r slot from
16:00 to 18:00 (two consecutive eheur time slots in
Table 1).Finally, for this solution to the problem wit
charging scheduling constraints the objective funcl
value is 312,171.36 dollars, while the deadhead tim
518.74 minutes.

Table 1: Solution derived for Problem|t with charging
scheduling constraints.

Time Chargers Selected for Chargers Selected for Chargers Loc.
Slots Location #1 Location #2 Selected for #6
Location #3
Slow Slow Slow Slow Fast Slow Fast Fast Fast Fast

13.00 E E B - 50 - 2 B B B
14:00

14:00- 3 - - 49 4 1 52 32 31 51
15:00

15:00- 3 - - 49 30 1 5 6 33 53
16:00

16:00- 34 - - 54 35 55 9 8 7 56
17:00

17:00- 34 - - 54 37 55 58 13 10 36
18:00

18:00- 11 59 57 38 15 39 16 12 14 60
19:00

19:00- 11 59 57 38 61 39 17 20 18 62
20:00

20:00- 44 40 41 64 23 63 42 22 24 43
21:00

21:.00- 44 40 41 64 66 63 21 26 19 67
22:00

22:00- 69 45 a7 65 70 25 46 27 28 71
23:00

23.00- 69 45 a7 65 48 25 72 73 29 68
2400

Moving on to the presentation of Table 2, one may na
that the solution to the Problemd Fthat does not conside
the charging scheduling constraints, includes
installation of a considerably smaller number of charg
More specifically, in Table 2, a solution of 7 chargers
proposed, 5 of which are slow and 2 of which are fast
can beseen in Table 2, that follows the same format v
Table 1 of the solution of Problemd , three slow
chargers are proposed to be installed at location #1
also Figure 3a). One slow and one fast charger
proposed for location #2, while one fast charger
proposed at location #3 and one slow for location
Overall, the solution prestwd in Table 2, yields ai
objective function value of 151,227.47 dollars, anc
deadhead time of 405.43 minutes.

If one closely inspects Tables 1 and 2, they may find
except for the difference in the number of charg
proposed, the solution to problem is able to spread th
charging of buses through several time slots inside the
from 06:00 to 24:00, and thus being able to reduce
number of chargers required. On the other hand,
cannot happen forProblem 0 [since the charging
scheduling constraints (10) to (13) require the chargin
buses to happen based on paramétdrs andr) . There
is also the difference in objective function values, wh
problem O that does not include the charging schedul
constraints, considerably underestimates the costs req
to set up and operate a charging stations network fol
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experiment of 73 buses across three bus lines Number: 015073). This project is carried out within the
Manhattan. To add to that, the solution to model not framework of the National Recovery and Resilienc_e Plan
only underestimates the number and cost of char ~ Greece 2.0, funded by the European —Union
required to support the same electric bus fleet of NextGenerationEU (Implementation body: HFRI).

v_ehicles, but also yields a lower aggregate deadhec REFERENCES
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robustness of the planning model.
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The Simple Economicsand Engineering of
Electricity Markets

Marija llic
EECS, MIT Cambridge, MA, USAic@mit.edu

Abstract This paper proposes a transparent unifying
modeling in support of energy transition. The approach
introduces scalable zooiim zoomout representation of diverse
engineering components in terms of a triplet of energy, power
and rate of change of reactivgpower, named interaction
variables associated with each system module. These variables
are technology agnostic and are commonly understood by the
engineers, economists, and policy makers. It is described how
they can be used to establish protds for integration of new
technologies at value while ensuring reliable electricity services.

Keyword$® protocols/standards, changing electric energy
systems, electricity markets, forward markets, complete markets.

INTRODUCTION

This paper suggests that a systematic transition to
sustainable energy services requires investing in right
technologies and utilizing them the right way in réae.

This need creates new engineering challenges, because,
given the intermittency of mgrrenewable resources time
varying uncertain demand and supply imbalance must be
managed in ways not currently practiced by the industry.
Also, the delivery of power is becoming more difficult
since the electric power grid was not built to support the
resulting power flows. Nevertheless, as new resources are
being added, the electricity service must remain reliable
and affordable. At the same time, the climate change is
causing more frequent failures of equipment. Hurricanes
and fires, in particulartypically result in large loss of
power grid equipment. It is hard to enable resilient service
during such events because industry standards ensuring
reliable service during normal conditions do not cover such
extreme events. In Section Il we briefly sumipa the
basic functions needed to provide electricity services. In
Section Il we describe major growing complexity of data
enabled decision making for supporting these functions. In
Section IV we propose a simple unifying modeling of
energy dynamicsof managing this complexityn Section

V we review problems of aligning engineering innovation
and market design, and in Section VI propose a unifying
energybased market design for achieving this. In Section
VII concluding remarks are made by claiming that this
simple energy dynamsbased unifying approach to
engineering and economics supports the overall change of
industry operating and planning paradigm.

BAsIC FUNCTIONS COMPRISING ELECTRICITY SERVICE

Providing reliable and resilient electricity service can be
conceptualized by identifying several key functions which
must be performed [1]. The functions complement each
other over time as the system conditions vary and their
decomposition depends on digtions given and the actual
methods used to perform them.
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Basic functions underlying electricity service

Shown in Figure 1 is a typical daigystem load profile,
and its decomposition into predictable, controllable and/or
uncontrolled parts. Todayds
modern energy management systems (EMS) is based on
decomposing this load into its predictable components, and
hardto-predict components. The basic Step 1 requires
feedforward scheduling to balance predictable system
demand component.  The scheduling must be done to
produce more energy so that thermal energy losses in the
transmission and distribution (T&D) grid arenepensated,

and the full load is still served, Step 2. Computer
applications in EMS are more complicated when
performing Steps 1 and 2, because of required grid
congestion  management, Step 3. This means that
scheduled resources for delivering power tedmted
system load, must do so only within allowed operating
limits (thermal line flows, voltages). Unfortunately,
methods for voltage profile scheduling as system
conditions vary have not been standardized and continue to
be one of the major causes syfstemwide blackouts [2].
Next, Step 4 concerns functions for balancing Haerd
predict deviations from the power profile for which
schedules were done. Generally, -fastponding
equipment, gas power plants and fast storage, are designed
to in a feedbackvay respond to deviations in frequency
and voltage caused by these huargbredict power
imbalances. They are expected to regulate and stabilize
frequency and voltage within the limits determined by the
industry standard. As an example, automatic geioerat
control (AGC) is required to maintain frequency by
ensuring that the Area Control Error (ACE), representing
accumulated energy deviations in between schedules,
crosses zero at least once. This way frequency will not
deviate excessively due to hard toredict power
imbalances. Notably, this CPS1 standard is derived
assuming that hartb-predict load portion has almost zero
mean value within the scheduling interval, which is no
longer the case in systems with intermittent resources.
Voltage deviations r@& result of deviations in reactive
power away from its predicted profile, and have long been
managed using automated voltage control in France,
Spain, ltaly, and, more recently in China.

- Uncontrollable load
—-Controllable load
—Total toad

Power

10 ES) e

Time (in minutes)

Figure 1 Decompositiorof system load
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Steps 5 and 6 concern major equipment failures and
methods for ensuring uninterrupted service for at least 30
minutes following such events. Ensuring reliable service
during such =events i s di f
industry approach is to keep gertema and T&D reserves

in preventive way for what is perceived to be the worst
case equipment failure. Ensuring resilient service during
many equipment failures caused by extreme conditions is
practically impossible by redundant system hardening. As
a resllt, it becomes necessary to predict system conditions
as they evolve and have computer applications to advise
operators how to manage in a corrective, not preventive,
way what is still left on the system. This is the major reason
for flexible managemeiim the changing industry. The new
normal will be power balancing under uncertainties.

MAJORGROWING COMPLEXITY OF DATA-ENABLED
ELECTRICITY SERVICES

Time varying powerimbalances and the related grid
delivery problems brought about by uncertainties of system
conditions require much more reliance on situational
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Figure 2: Minimizing blackouts
awareness, timely predictions of changes and decision

making tools to adjust as quickly as possible. Given
assumptions embedded wi t h
applications for feedforward decision making, and

automation for feedback control, it is hard to guee
service by relying on these. The commonly made
assumptions are decoupling of real and reactive power,
validity of linearized models, and weak {iees between
utilities. It is fairly straightforward to create counter
examples to validity of these assumptions, and, as a result
not having confidence that
manage rapidly chaing industry. Consequently, the
pressure is increasing on humans in the loop to make
decisions during low probability high impact events. The
hope is that this challenge would be met by using Al/ML,
but these tools are at best work in progress at tirg i

time. One way forward would be to enhance the existing
decision tools and automation. Shown in Figure 2 is how
enhancing datanabled decision tools and automation can
significantly help with localizing the effects of system
condition changes ohé number of electricity users served
during such events. The orange plot depicts frequency of
events and the number of customers affected. It can be seen
and it is documented in many papers that the probability of
large number of customers loosing seevis not negligible.

The blue curve shows the same, when appropriate control
actions are taken to localize the effects of equipment
failures. In short, very important, the dataabled
enhanced scheduling software and automation can reduce
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the impact of equipment failures significantly by adjusting
all controllable equipment in anticipation of these events.

Figure 3: Next generation SCADADyMonDS [3]

Consider an entb-end electric power system, shown in
Figure 3. It can be seen that equipment comprising this
system is very heterogeneous; it includes very large
conventional power plants, hydro, nuclear, fossil,
supplying large aggregates of electyiciisers at the
substations, by delivering power in bulk power grid; the
substations are connected by distribution grids to lower
voltage level electricity users, all the way down to
households. More recently clusters of small end users or
some larger ammercial users, municipalities, energy
communities, such as shopping malls, large industrial
complexes, airports, and alike, have begun to plan and
operate as microgrids. This is leading to an-terghd
electrically interconnected grid, with many distrted
energy resources (DERs), such as solar roof tops,
responsive electricity users, EV charging stations,
combined heat and power (CHP) supplying power to
universities, and alike. Some of these resources at times
produce more than they locally needdaend power back

to utilities.

Protection relay logic needs to change to safeguard power
griﬁ eventwggep %?:geé fjsows b C%t?n il'&t]iqs.éﬂpis could be
a major undefaking, and, instéad, utilities Set limits on
power which can be sent back. This in turn requires more
adaptive automatiohy solar PVs and other DERs so that
they can send limited power from intermittent resources.
There have already been instances of DER damages
caused by inadequate control. These problems are likely to
grow in complexity and numbers as more DERs get
deplyeda ywdess Igdredullya designedc arbtocelso fiot r o
integrating them into utility system are established.

FROM COMPLEXITY TO STRUCTUREENERGY DYNAMICS

Currently used mathematical models for simulating,
analyzing and controlling largecale electric power grids
have evolved over time. At first, conventional power plants
have been viewed as the only dynamic controllable
components, T&D equipment has been modeled as RLC
impedances interconnecting generators and loads, and
loads have ben represented by estimating their consumed
real and reactive power. These models are routinely used
for scheduling generation to supply predictable component
of system load, Steps3 described in Section Il above.
These equipment models are subjecte@ and reactive
power constraints, resulting in higitder nonlinear
Differential Algebraic Equations (DAES) [4]. Much effort
has gone into simulators based on these models,
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particularly for assessing efihe if the worst case
equipment outages are transiently stable. More recently,
modeling of electromagnetic transients (EMT) in T&D
and in power electronically switched inverter based
resources (IBRs) has led to anothevel of complexity
since these dynamics can be excited by the fast varying

Table 1 Aggregate energy dynamics model

Component i le— o

v, =[£ p E.] |

New unified model in energy space:

b=-fiip-p

E0)=E,

i

,1.7, = 4E.'.¢ - Q), P (0) =Pio

. £,
Er.r =—-— + 1—:.{'
T

i

E (0)=E,,
intermittent resources. Not surprisingly, these additional
granularity is leading to effectively nestalable models
and the need for rethinking how to manage the overall
complexity. Needless to say, these models derived for
simulating dynamic responsee not in the form which
lends itself to designing system control. Also, the industry
standards set for the integration of different equipment do
not ensure that the desired performance woulddde This

is a largely overlooked issue which represents the key road
block to integrating innovative solutions, hardware and
software, into the changing systems with some confidence.

As one way forward, we summarize in this paper our
approach to managing complexity by taking a step back
and recognizing inherent structure of equipment models.
We show that, based on this structure, it becomes possible
to establish models of different gralarity for different
purposes. When designing technolespecific equipment
and its internal local feedback control, very detailed
models are needed to specify the ability of equipment to
produce/consume power at certain rates. Given these
specificdions, it becomes possible to establish zamr
technologyagnostic models of larggcale interconnected
systems and assess their performance and design
transparent coordinating control for ensuring the desired
system performance. We review this staue next.

A. Unifying structure of models: Use of physical states
A close look into the dynamic models of energy
conversion technologies in typical electric power system
equipment reveals that their detailed dynamic models are
basically a result of writing the First Law of
Thermodynamics (FLT). Fundamentally, this
conservation of energy law states that the rate of change of
stored energy dissipates internally as power is sent to the
module, according to

Q0 o oo | | 4

0o o0& N° @

The first term stands for thermal losses due to damping.
To derive the commonly used model of generator, kinetic
stored energy E inits rotor is expressed in terms of speed
and inertia, and when applying FLT given in Equation (1),
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one obtains the weknown swing equation of the
generator.
A more complicated model of a synchronous generator can
similarly be obtained starting from the same fundamental
equation. Since the stored energy is a function of its own
physical variables only, denote these as 0 for
equipment component i, it can be shown that dynamical
model of any energy conversion technology takes on the
same structural form [5], given initial conditions for the
state variables) om @ TT.

—o5 Qwof oft oM o (2
The DAE models of interconnected power grid are next
obtained by stating these dynamical models for all
components and writing the powidow constraints. The
same structure is obtained for equipment based on-multi
energy conversion. At present these models are routinely
used for most of the analysis and simulations. While the
structure given in Equation (1) helps model many
components fodifferent types, the scalability problem
becomes a major problem in interpreting the results, and,
even harder for designing controllers which guarantee
performance of the interconnected system. An unfortunate
way out of these problems has been to -@esign
hardware and not to rely on control in any significant way.
Given that control becomes key to flexible operation under
uncertainties, Figure 2, it is necessary to begin to rely on
control cadesign approaches, making the grid smart,
instead of on only making the grid strong. The key
question then becomes how to proceed. In what follows we
propose a unifying muliayered modeling using
aggregate energy dynamics and exploring its structure.

B. Unifying structure of complex muléiyered power
systems models: Use of energy dynamics

To start with, any system component, subsystem, referrer
to from here on as *module*, can be represented by its
energy dynamics given in Equation (1) above. However,
existence of physical systems requires to account for
entropy increase according to SedonLaw of
Thermodynamics (SLT); not all work produced by the
module can be sent to the rest of the system and we must
distinguish between rate at which maximum work can be
produced, known as the energy in tangent space, and the
power which actually entersfiés the module. The rate of
change of actual pow@r ¢ into the terminals of module
i can be shown to be related to the rate of change of energy
in tangent spac® o as [6]:
;o
90 TO o

D o
Qo

®)

Equation (2) can be interpreted as one way of expressing
SLT for energy systems. Rate of change of reactive power

—— accounts for the entrogike loss of rate of power, or

axergy. Given the flow/effort analogies in different types
of energy systems, this quantity also has physical meaning
not only in electric power grids but in any type of energy
conversion.

Shown in Table 2 are defining terms of all the variables
used in these models for inductor and capacitor modules
whose flow and effort are f(t) and e(t), respectively.
Summarized in Table 3 is th& 8rder model of aggregate
energy dynamics.
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Perhaps the most important for composing scalable models
of complex energy systems is the observation that when
using energy dynamics the model of energy conversion is
linear and the interaction variables is the only part of the
model which depends ohé rest of the system, Table 4.
According to generalized Tellegen theorem, when writing
the model of the interconnected system the interaction
variables must balance at the points of interconnection.

Perhaps most important for enabling interactive scalability
in complex energy systems is the observation that the
energy dynamics model of any module i takes on
technologyagnostic form shown in Table 3. The
expression for aggregate variables are teclyyospecific,
and their physical dynamical variables are shown in
Equation (2). This zoorout model of the module is third
order, but the order and complexity of different
components given in the form of Equation (2) are very
complex and much higher orddt can be further shown
that the interaction variables have very unique structural
properties, since they are constant when the module is
disconnected from the rest of the system.

Table 2: Module i characterization of energy dynamics [6]

Definitions  Inductor Capacitor
Stored energy: )
& 0 l_ w(0) 1,2
B0 E=["vdi =L’ E=["qd, ==&
E, :[M (b)), o) 2 (o) 2
L1
Stored energy in tangeht space: ] "
8,0 wo 1 (di | O L (av,
[ E, = [ v, =L 2B =, =G =
By = |y s B o Jy vt 25 ) i 26 dt I
Time constant: ,—7 L RC
_E 72 Ty 4
) !
Tnstantancous real power: Instantaneous reactive power:
. . . di. dv
B={e.f)=Vi ) =(e. f)—(e.f)=v———Li
e.1) 0,=(e.f;)-(.1) .

Linear model in energy space:
x:,i - Az,ix:,i + Bzz-'r'

x:,f (O) = xz,f,()

0 1 0 0 0

-—— 0 0

Table 3: Dynamic model in energy space [7]

It can be further shown that their rate of change depends
solely on internal state variables given initial conditions for

the state variable®@ 0 and their rate of change—.

These properties set the basis for specifying modules in
terms of their interaction variables only when composing
the dynamic model of the interconnected system. These
models further lend themselves to distributed control
design of local automatiain 0 in Equation (2) needed to
specify the interaction variables. These properties are key
to coordinating control cdesign for provable
performance [7,8]. Instead of starting with very complex
physical models, each module provides information about
the rangs of its rate of change of interaction variable,
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and can be tested for this in a stand alone mode. The
vendors/manufacturers do not have to provide information
to system operators/planners about the detailed internal
physical dynamics given in Equation (2), they can design
the technology specific interhacontrol ¢ o which
observes internal constraints, and have a choice regarding
the complexity of these controllers so that they can
guarantee the specified ranges of their interaction variables
and, at the same time stabilize/regulate their internal output
variables ofnteresty 0, so that it is stabilized locally and
regulated to desired reference.

We observe that this is where major innovations are needed
in the changing electric energy systems. For example, in
systems with IBRbased windor solar power plants, the
technologyspecific control design would require
controller which for given rangeof interaction variable
(power, rate of change of reactive power) also
stabilizes/regulates frequency and voltage at the point of
interconnection to acceptable operating values. Today this
control design is work in progress. Once the
specificationsksting of interaction variables are provided
by vendors, it is necessary to perform the system level tests
regarding reliability (existence of equilibria, stability, no
resonance between modules). Viewed from the control
point, if interaction variablesre controlled/specified, it
can be seen from Table 4 that this becomes a coordination
problem of | inear dynamic
type constraints, which are linear in energy dynamics.
Inter-operability tests are then obtained usinglxebwn
dissipativity and passivity conditions for linear systems. If
conditions are not met, system operator may require
additional coordination, and fast storage controllers to be
added. As an illustration of such physically intuitive
condition, congler a small system of generator connected
to intermittent DER. An intermittent DER creates load
variations whose ranges must be given in terms its
interaction variable, instantaneous power and rate of
change of reactive power. Generator specifies its
interaction variable, and the transmission line also specifies
its interaction variable at the sending and receiving ends.
Recently derived sufficient condition for existence of
equilibria in this system establishes the inequality which
states that maximumate of change of load interaction
variable must be bounded by a combination of rates of
change of generatords i nt
transmission line [8]. This physically intuitive result helps
system designer to understand if the rateshich power

is provided can balance. Arriving at such provable bounds
when using complex DAE models is practically
impossible. Notably, careful technology specific local
control design of modules is critical for having provable
performance. Shown indure 4 is a sketch of such control
design for solar PV with battery control.
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Battery Control

Radiation
dependent
current
source

Energy Space Model:

E(t) = Praa(t) + Ppae(t) + P () — 22 = p(t)

T

pt) = 4E: (1) — Qraa(t) — Qpar (£) — Q (1)
Here, E(t) = %Li(t)z + % Cw(t)2
- The power electronics switch control of battery can
be so designed that would ensure

Ppar(t) = —P.[n] + P[n] — KF (i (&) — if°7 [n])
—KE(V () —VvTern]) _
Qpar(®) = —Q.[n] + QInl — KF (i (t) — iL°7 [n])

—KFW (@) — v [nD

Coupled Droop: aAP[n] + BAQ[n] = AV [n] |

Figure 4 Battery controller for solar PV in energy space

C. Some examples of energy dynamics modeling and
control; relations to

As shown in Figure 4 for the case of solar PV component,
each module has fast complex dynamics, in this case filter
dynamics and power electronics switching. When posing
the local control problem, battery control in this example,
it can be seen that fastrtrol of energy dynamics could be
made such to stabilize filter dynamics and resultin coupled
droop characteristic shown
neglects the fast filter dynamics and adds digital control
droops. It can be seen from Figure 4 that cardfical
power electronics switching design could lead to coupled
*physical* droop. Many open questions remain
concerning the tuning of digital droops currently used so
that they are aligned with the physical coupled droop.

PROBLEMSOF ALLIGNING ENGINEERING AND MARKETS

It can be concluded based on the engineering challenges
described that in order to ensure provable performance in
the changing electric energy systems, the next generation
primary control will be needed. For new modules to be
integrated in these systentbey need to be characterized
and tested for ranges of energy, power and rate of change
of reactive power they can provide/consume. At the same
time their controllers should stabilize and regulate local
outputs of interest.

However, making the modules *smarter* generally costs
more and vendors are reluctant to do so, unless there are
explicit mandates in regulated systems, and/or market
incentives in systems undergoing restructuring. Current
interconnection standards aret sofficient to ensure that
new systems will perform reliably, as experienced very
recently in the European blackout [2].

A. Lack of two sided market incentives

Todayds electricity-siohmrakdet s
demand does not participate. This requires many make shift
market rules for making resources whole, price caps for
preventing excessively high prices, etc. Also, there are no
market incentives fo voltage support at value. As
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documented in several worldwide blackouts, not
supporting voltage profile as system conditions vary has
become one of the major causes on their occurrence.
Important for the
changing systems with large amounts of renewables,
voltage control in IBRoased resources is becoming key as
fossil plants retire, requiring market incentives.
B. Lack of market incentives for managing skerm
uncertainties: Operating problem
Functions 46 concern electricity service under
uncertainties. These can be deviations in power from
predicted, and/or unexpected equipment failures. They are
critical for ensuring reliable service during such haxd
predict system changes and are pied by requiring
standby, preventive reserves, just in case the worst case
outage occurs. This is very conservative and costly. In
addition, there is not much reliance on controlling
production by intermittent resources as they are often
viewed as uncomlled uncertain load, requiring even more
preventive reserves. Providing preventing reserve is still
based on strictly engineering criteria, and there are no
market incentives for reliability.
Markets consider functions other tha®3 Linder a general
notion of *ancillary services*. These are intended to
support hard to predict deviations in demand. However,
the distinction between function 4 (frequency and voltage
Qi,llgtiora,rog gnﬁ1 ha@%nﬂ §uppg/ipg reliable service
uring large equipment outages, functions 5 and 6, on the
other hand, is at best gray. The cost is socialized and no
market incentives exist for providing electricity service at
value under uncertainties. In particular, theare no
mechanisms in place, such as blackout costs, for providing
incentives to market participants to manage uncertainties.
C. Lack of markets for managing lot&ym uncertainties:
PIanninngPoglé}nyos approach of t en
I n todayds mar ket s pl anning
somewhat disjoint from operations, although it is well
known that determining neaptimal investments requires
transparent signals for decision making under various
physical and financial uncertaintigapacity markets are
not sufficiently liquid to value mukiemporal
uncertainties. Shown in Figure 5 are market participants
and their inteildependencies.

UNIFYING ENGINEERING AND MARKETS. ENERGY
DYNAMICS-BASED APPROACH

) ISO
Fuel Price Temperature,
Forecast etc.
I ) I
Generator |, . Market | LSE
Offers [ ]  Stucture <> Bids
And
T Clearing
Load Mechanism
forecast

Figure 5: General energy markeB]
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Figure 6: StFatL&nﬁ Energy Market[9]

The above are just some of the examples of current market
design issues. One way forward would be to streamline
market design by definingnarket derivatives in terms of
interaction variables only, energy, power and rate of
change of reactive power. This will uniquely support
electricity service using transparent commonly understood
engineering specifications. Moreover, these specifications
should be part of the bidding process. One possible
approach to supporting

management of  multemporal uncertainties is to
introduce a set of coordinated forward energy-swankets
each defined for specific time horizon ranging across day
, month, season year, and five yeathorizons, proposed
some time ago as a Stratum EneMarket (SEM)[9].

Simple economic signals defining bids which go with
stratum of rates of change of interaction variables can form
the complete set of multemporal market derivatives.
This way the engineering and economic characterization
align. Seemingly very diversetakeholders provide
transparent unifying bids for selling and/or purchasing the
three market derivatives, energy, ranges of power and
ranges of rate of change of reactive power. We recall that
it is not necessary to reveal internal physical dynamics and
local control design, for having systematic controt co
design in support of delivering electricity service reliably
and at high quality. The same way, it is not relevant for a
SEM to know what type of resource provides these market
derivatives. Shown in Bure 6 is a market sketch in which
stakeholders provide bids for all three market derivatives,
energy, power and rate of change of reactive power. In
what follows we briefly describe how this approach would
overcome most of the @robl e

Overcoming lack of two sided market incentives

This basic  problemis created by the asymmetric
characterization of supply and demand. This problem is
straightforward to overcome by requiriatf stakeholders

to characterize their interaction variables in a feedforward
manner for all time horizons comprising SEM. Adaptive
load management (ALM) was proposed some time ago for
demand participation at value in DAM and RTM. The bids
are for energy, both supply amtmand. Stakeholders
create these bids according to their own-shjectives.
Both gaming and risk managemers arinimized this way,
and there is no need for price caps which distort markets.
Our MIT Dynamic Monitoring and Decision Systems
(DyMonDS) Digital Twin was recently used to simulate
and compare outcomes with and without demand
participation.
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Overcoming lack of incentives for managing sttenn
uncertainties: Reliable operations

In operations physical power deviations lead to frequency
and voltage deviations outside the ranges allowed by
protection relays, and can result in wisfgead blackouts.

It is necessary to understand how market derivatives
characterizing ranges of powedeviations can be used to
avoid the resulting frequency problems. To explain this,
we refer to an early paper which proposed a power
exchange market for frequency control (PXFC) by
suggesting that bids for frequency control should be in
terms of increnental power and its cost [10]. If ranges of
hardto-predict demand power deviations around
predictable patterns are specified (market derivative for
frequency control) are specified, ranges of fast responding
power needed to balance these deviatamesoffered as
frequencypower droops, it is straightforward to determine
how many *units* of frequency regulation would be
needed to keep the system frequency within adpfaned
small threshold away from nominal frequency [10]. Droop
characteristics of resources are units of power for
frequency regulation and once these are specified, this
information becomes sufficient to estimate how many of
these units are needed. Notably, not all types of resources
respond at the same rate, and they are paidamntlye units
they can provide. Shown in Figure 7 are the demand
characterization and supply bids, as sufficient for

supporting frequency regulation through market
incentives.

lza;:nimm pend ARG MWHz  Afcibz

L™ Contract Curve MW)| -2MW Afs1Hz

Power (MW)

Time
Figure 7: Demand and supply power specifications [10]

This is an important paper supporting the idea that
frequency regulation at value only requires specification of
power deviations away from energy patterns. The market
derivative specifying rates of change of reactive ?ower still
Fedds W3 beintrbcdRidE® the Hasi® Prenfist lis that
determining supply and demand for reactive power
balancing at the right rate is necessary to ensure that IBR
based DERs patrticipate in voltage/reactive power system
support.

Overcoming lack of incentives for managing lkeagnm
uncertainties: Stratum Energy Market

Implementing market incentives in support of longer term
resource adequacy is a natural combination of proposed
SEM and complete market derivatives proposed for spot
markets using energy dynamics. These derivatives need to
be specified in a forward maenby all stakeholders. As
explained and illustrated in the early SEM paper [9], such
design supports seamless mtdiinporal risk sharing
when planning for future longer term investments.
Important, the problem of missing money disappears. The
longer faward time horizons in the SEM, more incentives
provided for large investments at value.
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CONCLUSIONSAND FUTURE WORK

In this paper we propose a unifying approach to
streamlining engineering innovations and market design in
support of changing societal needs for reliable, affordable
and clean electricity services. The basic idea is to model
multi-layered complex energysystems using energy
dynamics, instead of requiring full knowledge of specific
technologies and their internal automated control. All
system components are characterized in terms of their
interaction variables (energy, power, and rate of change of
reactivepower) when assessing their ability to participate
in physical delivery and in providing their economic value.
Technology specific designs are left to
vendors/manufacturers and are not needed for achieving
systemlevel performance. We are in the proxesf
designing a DyMonDS Digital Twin to demonstrate
potential benefits from this approach. Notably, the
approach is a natural outgr
by Balancing Authorities (BAs), where ACE is becoming
more granular temporally and spatialty support
intelligent Balancing Authorities (iBAs).
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AbstracH Improving energy efficiency in manufacturing is a
critical challenge, driven by both environmental concerns and
economic pressures. This research explores the benefits of
integrating customer admission policies with production
control strategies, considgng energy costs and consumption.

We focus on a singlestage manufacturing system that
produces one type of item for two distinct customer classes.
Customer orders are accepted or rejected based on the
system's current state. The production facility can be in
various operational mode#® working, idle, off, or undergoing
setupd each with different energy consumption levels. The
core production control problem is to decide when to activate
the facility and whether it's more costeffective to turn it off
instead of leaving it idle. The goal is taninimize an average
profit rate function that incorporates revenue from sales,
inventory costs, backlog penalties, and energglated
expenses.

To model this system, we use a Markov decision process
and employ the value iteration algorithm to determine the
optimal policy that maximizes the average profit rate. Our
numerical studies reveal the structural properties of this
optimal policy.

Keyword® Energy Efficiency, Production Systems control,
Markov decision processes

INTRODUCTION

In an era where environmental consciousness and
energy security are pivotal societal priorities, industrial
enterprises must embrace eneefficient manufacturing
practices to maintain a sustainable competitive edge. Given
the energyintensive nature of amufacturing processes, it
is essential to adopt strategies that not only address
traditional performance metridssuch as inventory levels
and backordets but also emphasize the efficient use of
energy in production. The integration of inventory and
backoretr management with energfficient operations
presents a valuable opportunity for cost optimization,
enhanced operational performance, and environmental
sustainability.

The industrial sector is the largest consumer of energy
and the highest e muse seetors. o f
Globally, manufacturing and industrial systems account for
over onethird of total energy consumption and are directly
responsible formoretha®® of gl obal CO
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Therefore, reducing energy usage in enénignsive
production processes is both necessary and urgent.
Historically, manufacturing research has focused on
productivity, quality, and cost, often overlooking energy
consumptio. However, productivity and energy use are
closely linked. Achieving sustainable manufacturing
requires a holistic approach that integrates energy efficiency
with productivityd especially critical during periods of
energy scarcity.

A key contributor to elevated energy consumption, as
identified in the literature, is energy loss during hon
productive periods, such as idle times and setup phases [2].
In this context, production control policies that minimize
idle time can significantlyenhance energy conservation.
From an economic perspective, manufacturers can reduce
energy costs by implementing eneiggring practices. It
has been noted that in many manufacturing environments,
energy consumption during idle periods can be nearly as
high as during active production [3]. Thus, avoiding
unnecessary downtimes is a practical and effective strategy
for improving energy efficiency.

This paper investigates the structure of the optimal
policy for singlestage production systems serving two
customer classes. Tlubjective is to integrate production,
inventory, and order admission control in a manner that
minimizes total costs arising from inventory holding,
backorders, order rejections, and energy consumption.

The paper is organized as follows. Section 2 reviews
relevant literature on optimal production, inventory, and
order admission control, with a focus on energy efficiency.
Section 3 outlines the problem formulation and the
methodological approach adoptefkction 4 presents the
numerical analysis of the optimal policy structure and the
insights derived. Finally, Section 5 concludes the paper and
discusses directions for future research.

BACKGROUNDAND LITERATURE

A substantial body of literature addresses production
?égJ inventor rat|on|ng rder admission control
problems anﬁgﬁ r onsﬁrﬂp on management. However,
most existing studies treat these areas in isolation, often
overIo.oking the interdepfniie]nciemmg these operations.

emli ssions s
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One relevant category of research focuses on integrated
order admission and production control ( see e.g., [4], [5]).

Another related stream of literature examines joint
production and inventory rationing problems (see e.g. [6]).
Inventory rationing refers to the allocation of limited
inventory to satisfy demands from different customer
classes (see also [7] and [8]).

As noted, studies that simultaneously address
production control, order admission, and inventory
rationing are relatively scarce. A notable exception is the
work of Benjaafar, Elhafsi, and Hung in [9], which
demonstrates that incorporating order admisstorol can
significantly enhance system performance in inventory
rationing contexts.

Energy consumption managem@rdefined as the
monitoring and reduction of energy use in manufacturing
facilitiesd has also gained attention. A comprehensive
review of energy efficiency and sustainability in
manufacturing systems is provided in [10].

Improving energy efficiency in manufacturing is critical
for several reasons: reducing operational costs, enhancing
competitiveness, minimizing environmental impact,
ensuring regulatory compliance, optimizing resource
utilization, and increasing resilienceo energy price
volatility. One effective approach involves implementing
control strategies that reduce energy consumption during
nonproductive periods. For instance, machines can be
powered down when not in use and restarted just before
production resums. This practice conserves both energy
and resources. Several studies have explored production
control strategies that involve switching machines on and
off to minimize total energy consumption [11], [12], [13].

Clearly, by coordinating production, inventory
management, order admission, and energy consumption
control, manufacturers can achieve more efficient and
sustainable operations. This work focuses on an optimal
control strategy that integrates these elemntsinimize
total system cosfsincluding those associated with
inventory, backorders, order rejections, and energy
consumptiod during the operation of a production system.

PROBLEM DESCRIPTION

We examine a single stage production system that
produces a single item to satisfy demand from two different
customer classes. Customers arrive at random times and
each customer requests one unit of product. Customers of
each class arrive according to Rois processes with rates
/i,1 =1, 2. Processing times are also independent random
variables, exponentially distributed, with meam1The
production facility may be in one of the following four
states:

Operating: the facility iproducing itemsgq= 1).

Off: the facility is switched off and requires a setup
procedure to start producing= 0).

Idle: The facility is currently not producing, but it is
ready to resume production immediatédy 2).

Setup: the system is preparing to return to its operational
state and resume productiter 3).

Setup times are also random and exponentially
distributed random variables with rate
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The overall performance measure of the system is the
mean cost rate. This quantity reflects costs associated with
order rejections, inventory holding, backorders, and energy
consumption. We consider four types of cost:

ri unit profit loss due to order rejection of class

customer (selling price less cost of purchasing raw
parts and processing per item plus cost due to
customer loss of goodwill, contractual penalties etc.),

h unit holding cost rate (cost per unit time per finished

item in the storage facility),

b unit backlog cost rate for customers of clagsost

per unit time of delay of a pending order),
Cs energy cost per time unit at states= 0, 1, 2, 3.

We have made the assumption tifatlass customers are
generally preferred over the"2class customers. This
implies thatr; Or, andb; Oby. It is also reasonable to
assume that energy consumption is greater when the
system is operating, than when it is idle and of course
energy consumption is minimal when the system is
switched off, therefore; > ¢, > co.

Dynamic Programming Modeling

The state of the system is described by the variabies
and k, wheres is an integer which corresponds to the
syst e m&s0, wheratheesystém is switched &

1, if it is operatings= 2 when it is in idle state, arsd= 3

if it is under setup)n is the inventory of finished items,
when it is positive or the number of class 1 pending orders,
when it is negativeand k equals the number of class 2
pending orders. The state space of the systétFifs, n,
K|s=0,1,23ni Zki z}.

The evolution of the system is driven by four types of
events that may occur:

Production completion: it is possible only when the

production facility is in operating state.

Setup completion: it may occur only when the

production facility is under setup.

Class 1 order arrival: it is always feasible.

Class 2 order arrival: it is always feasible.

The decisions that can be made depend on the events
occurring and the current state of the system. Table 1
presents a list of decisions associated with these events and
system states.

Table14: List of events and related decisions
Event State Decision
Increasen, sets=0
Increasen, sets= 2
Increasen, keeps=1
Reducek, sets=0
Reducek, keeps=1
Reducek, sets= 2
Sets=1

Sets=2

Reject order

0 Accept order, keep=0
Accept order, set=3
Reject order

Accept order

Reject order

2 Accept order, set=0
Accept order, sex=1
Reject order

Accept order

Reject order

Accept from inventory

=

= =

Production completion| 1

Setup completion 3

Class 1 order arrival

Class 2 order arrival 0
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Accept, increask ., Et i cRQhy i pREAQ
Accept from inventorys= 3 ., e
Accegt, increask, s:r)gs ‘w iFEhQ
1 icejc(:)(;[t?;gririnventory for m> Oand§ n K I X, whereVo(snk)t 0 f_or any 6,
Accept, increask n, k) I X. Furthermore we havethat= 1 i f syster
Reject s =j otherwise is 0. In a similar mannier= 1 if k > 0 and
Accept from inventory 0 otherwise. The optimal loagin average cosk function
Accept, increask can be approximated numerically by the value iteration
2 Accept from inventorys= 0 algorithm (see e.g. [14], [15)).
Accept, increask s=0
Accept from inventorys= 1 NUMERICAL EXPERIMENTS
Accept, increask s=1 To investigate the structure of the optimal policy, we
Reject order conducted aeries of numerical experiments using the value
3 | Accept from inventory iteration algorithm described in equation (1). These
Accept, increask experiments revealed two distinct scenarios:

The systemds state may changktheffsiseengrg, it 5 ppima) o shutydown dhg o\ ¢
events occurs. In such systems, an optimal policy is always proguct!onm aqllr;ty and |n|t|a|te a setﬂp phase to restart
a stationary statéeedback control policy. In this work we %rlo uctiord. without ever placing the system in an
seek the optimal stationary policy. ' he state. L f | id shuti

Using the uniformization technique (see e.g. [14], [15]) 1 In the second scenario, it is preferable to avoid shutting

the problem can be formulated as a Markov decision g]oc\)’ég the facility and instead maintain it in standby
process. Leg=/1+/2+ m+ s be the uniform rate of event We present results from two test cases that illustrate the
occurrence. Following the standard stochastic dynamic ifferences between these scenarios.

programming approach, we defil(s, n, k) as the total

expected cost over the firstevents (decision stages) when Testcase 1
the initial state igs, n, k). Thenthe Bellman equations for The first scenario is illustrated in Test Case 1, with its
the optimal total expected cost over the first 1 events parameter values provided in table 2. The structure of the
are optimal policy is depicted in figure$ 10. More specifically

o iRFo - O o0 6 6 figures 910 highlight the recurrent region of the optimal

e N N policy specific b this case (enclosed in the red dashed line).
‘O Ew it phQhw ikEhQ phw i

ple phQhw i pREAQ pho i pRE 10

phQhw i prEhQ p p Ol EW il .
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Figure 23: Optimal class 1 order admission control policy

Rejectorder

k

-20 -15

Figure 24: Optimal class 1 order admission control policy
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Figure 25: Optimal class 1 order admission control polic
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Figure 26: Optimal class 2 order admission control polic
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Table 15: Parameter values in test case 1
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4 |5 ]10]4]1|5 |1 ]25|15|]0 |10]7 |1
20
Rejectorder )
12 Accept
= 10 order
8 from
inventory
Accept and backlog order 4
2
0
-20 -15 -10 -5 0 5

Figure 27: Optimal class 2 order admission control polic
when s =1 (Case 1)

20
Accept

Rejectorder order from

& 10 inventory
5
Accept and backlog order
0

20 15 10 5 0 5

Figure 28: Optimal class 2 order admission control policy
when s = 3 (Case 1)

l._,._

Figure 29: Recurrent region under the optimal policy, s =1
(Case 1)

Based on the results, we can draw several conclusions

regarding the structure of the optimal policy in this case:
1 The optimal production policy follows a threshold

based approach. Production continues until the
inventory reaches an upper limit, at which point the
system is shut down. It remains inactive until the
inventory falls to the setup threshold, triggering @se
phase.

1 Class 1 orders are given a priority over the class 2

orders. When the inventory level exceeds the priority
threshold, orders from both classes are fulfilled.
Otherwise, any newly produced item is either used to
replenish inventory or to fulfill a pendind&ss 1 order,
regardless of the number of pending Class 2 orders.
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9 Class 1 orders are accepted based on a switching curve, 20

which appears to be a namcreasing function of the 18
total number of Class 2 backorders. 6
9 Class 2 orders are also accepted according to a nearly Rejectorder 1‘21
linear, norincreasing function of Class 1 backorders. - 10
Overall, the admission criteria for Class 2 orders are Accept order 8
stricter than those for Class 1. 6
9 Order admission for both classes tends to be more 4
restrictive when the production system is undergoing 2
a setup phase. ) !
15 10 5 0 5
n
20
fo==e=dies Figure 32 Optimal class 1 order admission control policy

when s = 1 (Case 2)

x 8
7
6
5
Ce==a x 4 Accept order and start producing
20 5 10
" 3
2
Figure 30: Recurrent region under the optimal policy, s = 3 1 lﬁcemorder
(Case 1) 0
-5 0 5 10 15 20 25 30
n
Test case 2
Test Case 2 illustrates the second scenario, with it§igure 33: Optimal class 2 order admission control policy when
parameter values listed in Table 3. The optimal policy =2 (Case 2)
structure is shown in Figures 115, with Figure 15
specifically highlighting the recurrent region relevant to this g
case. The recurrent area islesed by the red dotted line. Acceptand
backlog order
andstart g
i producing Accept order from inventory and
Table 16: Parameter values in test case 2 5 start producing
a|>|e |s|h|bi|b|r |ra|c|c|c|cs = 4
4 |7 ]10[1]1|5 ]2 |25|15|0 |5 |31 3
2
10 3
5 Accept order from inventory
8 5 0 5 10 15 20
Satisfyclass2 order n
6 keep working
-
4 Figure 34: Optimal class 2 order admission control policy when
i =2 (Case 2)
2 Satisfyclass 2 move toidle
Adrhto inventory keep working |Add to inventory move to idle
-5 0 5 10 15 20 25 30 14 —
n 12
10 Rejectorder
Figure 31: Optimal production control policy (Case 2) < 8

Accept order
from inventory

Figure 35: Optimal class 2 order admission control policy
when s = 1 (Case 2)
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Figure 36: Recurrent region under the optimal policy (Case 2)

As oner may observe there are three major differences
from the first case: demand is higher, the average setup rate
is lower, and finally the unit energy costs when the system
is operating or idle is lower. As a result the structure of the
optimal policy B quite different now:

The optimal production policy still follows a thresheld
based approach. Production continues until the
inventory reaches an upper limit, at which point the
system halts production and remains idle. It stays
inactive until the inventory drops to the restart
threshold, triggering a new production phase. Thus,
the production facility is never shut down, and no
setup is required.

The order admission and priority control structure
remains consistent with that of the previous case.

CONCLUSIONS

This study explores the advantages of combining
customer admission policies with production control
strategies, taking into account energy costs and
consumption. We examine a singiage manufacturing
system that produces a single type of item for twordis
customer classes. The objective is to minimize the average
profit rate function, which accounts for costs related to
order rejection, inventory holding, backlog penalties, and
energy usage.

To model the system, we adopt a Markov decision
process framework and apply the value iteration algorithm
to identify the optimal policy that maximizes the average
profit rate. Our numerical experiments uncover key
structural characteristics of this optihpelicy.

Future research may build on this work by proposing and
analyzing simple vyet effective heuristic policies.
Additional investigations could also consider msltge
manufacturing systems serving multiple customer classes
or systems that do not exhibit Markan properties.
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Abstrac® Microgrids play a critical role in integrating
renewable energy resources, enhancing grid reliability, and
accelerating the transition toward more sustainable power
systems. Optimal design of hybrid renewable energy systems in
microgrids contributes to dearbonization, reduces energy costs
and strengthens grid resilience in areas that face frequent
supply disruptions. Despite their economic and environmental
advantages, renewable energy resources, especially solar and
wind - are inherently uncertain and highly dependent on
weather conditions. Accurate forecasting of uncertain
parameters such as solar radiation, wind speed, temperature
and precipitation is essential to ensure energy supply security
and to support integrated resource planning across the energy
food and water sources. Therefore, renewable energy generation
and its interdependencies with food and water sources must be
considered in the framework of the waterenergy-food nexus,
especially in the case of climate change and resource scarcity.
However, previous studies usually focus on the optimal sizing of
different combinations of solarwind-battery-hydrogen hybrid
systems. In contrast, this study introduces a stochastic
optimization model effectively determines optimal capacities of
solar-wind-biogasbattery-hydrogen hybrid system, primarily
considering renewable energy uncertainties and demand
variation. In this study, the multi-stage stochastic optimization
model is developed to design a main gridonnected microgrid
comprising solar PV panels, wnd turbines, biogas power plant,

a diesel generator, a battery energy storage system, a PEM
electrolyzer and hydrogen storage. Solar radiation, wind speed,
ambient temperature and energy demand are stochastic
parameters and meteorological data of Dortmund Germany
were used in the study to generate scenarios. Monte Carlo
simulation is employed for scenario generation and number of
scenarios is decreased by using-Keans algorithm to reduce
computational burden. The model results indicate that when the
capecity of each renewable energy source is capped at 10 MW,
the microgrid has the highest renewable penetration, meeting
most of the energy requirement from clean energy and
producing large amounts of green hydrogen, thus restricting
electricity imports from the main grid. When the capacity of
each source is limited to 4 MW, green hydrogen production
decreases, leading to greater reliance on grid electricity and
increased operational costs. Further reducing each source's
capacity to 2 MW results in even highergrid dependency and
lower hydrogen output, highlighting the tradeoffs between
renewable energy constraints and microgrid performance. In
conclusion, the developed model offers crucial opportunities
supporting long-term decarbonization strategies and enayy
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autonomy in order to build a sustainable and resilient energy
future.

Keyword®  Microgrid,
Stochastic Optimization

Green Hydrogen, MultiStage

INTRODUCTION

Energy has served as the cornerstone of industrialization,
technological development, and social progress. Global
energy demand continues to increase due to population
growth, urbanization, and rising living standards. Historically,
this demand has beenffiled mainly by fossil fuels such as
coal, oil, and natural gas. However, the heavy reliance on
carbonrich fossil fuels has resulted in severe environmental
consequences such as greenhouse gas emissions, climate
change, and air pollution. Additionallghe reduction of fossil
fuel reserves raises concerns about {tmmmn energy security
and the stability of supply chains. These challenges call for a
fundamental shift toward more sustainable, cleaner, and
decentralized alternatives to ensure both envieniai
protection and reliable energy access in the future [1].

Renewable energy sources such as solar, wind,
hydropower, and biomass have emerged as promising
solutions to reduce dependence on fossil fuels and mitigate
their environmental impacts. Especially solar and wind energy
have experienced rapid global utition owing to declining
technology costs and supportive policies. However, the
integration of renewable energy into power systems is
accompanied by significant challenges because of their
stochastic and intermittent nature. Fluctuations in solar
radiation wind speed, and other weatltapendent
parameters create imbalances between supply and demand,
complicating grid management and threatening energy
security. Overcoming these challenges requires advanced
operational strategies and energy storage systbatscan
balance fluctuations and ensure a secure and stable supply [2,
3]. In this context, microgrids have become increasingly
important as flexible, localized energy systems capable of
integrating multiple renewable energy resources and storage
technolgies. Microgrids enhance energy resilience by
allowing operation in both gridonnected and islanded
modes, reducing dependence on centralized generation, and
providing backup power during outages [4]. Beyond
economic and technical benefits, microgrids tobote to
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decarbonization goals by promoting higher renewable energy quarter of the year. In the first stage, investment decisions
penetration and reducing greenhouse gas emissionfer distributed energy resources are made; in the second stage,
Furthermore, microgrids support the wageergyfood  quarterspecific operating schedules are optimized
(WEF) nexus, which is particularly important in the face ofconditionally on scenario realizations. Linking four tatage
climate change. programs in sguence Yyields a novel multage model, where
investment strategies can be adapted pexadigi Given the
the reliability of microgrids, hybrid energy systems thatgtochas_tlc nature of electricity demand and renewable

; g ' ) eneration, an energy management program in the form of a
combine multiple renewable sources with storageg

. ; : ; tochastic optimization model that considers possible
technologies have arisen. By integrating complementarg

! . . ) cenarios is particularly apt for managing uncertainties
resources such as solar, wind, and Bogiong with batteries s iated wittelectricity demand and stochastic renewable
and hydrogetbased storage, hybrid systems can smoot

A e nergy. In this study, Monte Carlo simulation is employed for
variability, increase efficiency, and reduce dependence on & oarig generation for stochastic parameters based on the
single energy source. Batteries are vgeited for shorterm

balancing, _while hydrogen energy stordgbrough related probability density functions. The number of scenarios

electolysers, storage tanks, and fuel celisffers high energy lcsomdpeuct;eti)snej bs%eﬁsmg Wears algorithm to - reduce
density and longluration flexibility [5, 6]. Biogas ensures '

stable supply during periods of low solar and wind Biogas Power Plant  SolarPV  wind Tubine 120 Orid
availability. Such hybrid systems not only improve continuous =

energy reliability andeduce grid dependency but also enable % ﬁ & %

the production of green hydrogen, which serves as both an

energy vector and a decarbonization pathway [7]. \4 //
D‘ S IG ¥ t :
\ / lese; : enerator

Given the complexity of hybrid microgrid systems,

optimization plays a central role in their design and operation. e Microgrid
Decisions related to the sizing of generation and storage units, ‘Ll@l’ -« CCe""'f;ll =
“ontroller

scheduling of resources, and energy trading with the main grid
must be optirized to balance economic, environmental, and l
technical objectives [8]. Over the past decades, various

advanced optimization approaches have been applied, ranging )‘

from stochastic programming -[BL] to robust optimization 0 > — Power Flow
[12, 13] and metaheuristic algoritisnil4, 15]. However, =z

because decisions in energy systems are made under HydmpsStorage Loads
conditions of uncertainty arising from fluctuating renewable
output, variable demand, and volatile market prices, stochastic
optimization has become a particularly effective methodMathematical Model

explicitly modelling uncertainties through probability  The objective function of the model is to minimize the

distributions, ~ scenario  generation, and mstige total investment and operational costs of the microgrid over
formulations.  Twestage stochastic programming s || stages.

commonly used for investment and operational planning
under uncertainty, while mulitage stochastioptimization e R

X . N 0 Q& UL Q¢
extends this framework to dynamic decisioaking across
sequential time periods.

+“—>
Electorlyzer @é@ |

Battery

Figure 37: The Microgrid Structure

0 0 Y (6)

where Gaic is the total annualized investment cost of first
Building upon these foundations, this study introduces &tage investments, 16 refers to the total operation and

stochastic optimization model for the optimal design andnaintenance cost andcR denotes the green hydrogen

operational management of a gddnnected hybrid revenue in the second stages. The calculation of each of them

microgrid. The system under investigation integrates solas shown below:

photovoltaic panels, wind turbisga biogas power plant, a e s e e e v

diesel generator, a battery energy storage system, a PEM Crac=B 6 Y@ 86 80 +'d 0)) @)

electrolyzer, and hydrogen storage. The model explicitly \yhere a is the index of energy resources. The project

considers uncertainties in renewable generation and demangetimes (I), investment costs (IC), and fixed operational costs

using meteorological data from Dortmund, Germany tqQFQC) for the energy resources were obtained from literature

gererate stochastic scenarios via Monte Carlo simulatiorseviews [16, 17]. The interest rate (i) was assumed to be 5%
followed by scenario reduction usingrfeans clustering. The for the CRF cleulation.

proposed model determines the optimal sizing, design and , e
scheduling of system components under different capacity Croc=B pf{B B @0 680 3)

constraints, aiming to mimize total cost. where VOG and E are the variable operational cost and

The rest of the paper is structured as follows: Section gnergy generation of thetla energy resource: denotes the
presents the model formulation and methodology in detailrobability of nth scenario and the sum of all scenarios equals
Section 3 provides the results of the case studies, and Secti@nl.

4 is devoted to the conclusions. Rw=B pB [0 -00&.0 ] )

MODEL FORMULATION AND METHODOLOGY whereRi s t he price of grwesen hy

This study proposes a novel stochastic optimizatiorihe variable operational cost of the hydrogen systems, and H
framework that is structured as a sequence of fouis the green hydrogen production.
interconnected twatage stochastic models, each representing
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Model Constraints

three distinct case studies were analyzed, each renewable

In this section, the constraints of the model are introduce§N€rgy resource constrained by a maximum installed capacity:

Equation 5 shows the total hourly supplemand balance

constraint.

0=0 +0 +0 +0 +0 +0 Jt/n (5)

whereO

is the electricity demand at hour t in thehn

MW, 4 MW, and 10 MW in order. The analysis focuses on
techneeconomic performance, grid interaction, and the
emergence of green hydrageroduction as an essential
mechanism as renewable capacity increases.

In the first case study under 2 MW renewable installed

scenario. All decision variables and parameters in this studyapacity constraint, the microgrid operates with significant
are defined for hour t in theth scenario in this short article. reliance on the main grid. The limited renewable generation is

0,0 ,0 ,0 ,0 andO

represent the

insufficient to meet demand, resulting in no surplus energy

purchased electricity from main grid and energy generatiogvailable for gren hydrogen production. The microgrid
from battery, biogas power plant, wind turbine, solar PV andpurchases approximately 9 GWh annually from the main grid,

diesel generator in order to meet demand.

Electricity supplied from the main grid can be utilizedtoy hanks t o

which constitutes 33% of its total energy demand. Although
no solar PV investment is selected in the ftsige; however,
t hstwge weisidrestr@tare, muahe t i

meet energy demand, to charge the battery, and to produggcond firsistage the model adopts PV investment, enabling

green hydrogen.

0O =0 +0 +0 /t/n (6)

PV generation over the remaining nine months of the year and
producing a substantial reduction in grid purchases relative to
the first quarter. Given the grid purchasepei of (G00. 30/

When the state of charge exceeds the minimum levadlectricity supplied from the grid is only used to meet demand,
(20%), the battery can be discharged to meet demand andaod investing in a diesel generator is not economically

supply electricity for hydrogen production.

0 00 +0 +SOGu, /t/n 7
0 ="Y0 8.Coar /t/n (8)|
SOGiO'YU 60 SHC/t/n (9)

feasible. Analysis of daily operation, such as on January 15th
(Figure 21), confirms this pattern, showing frequentipds

where demand exceeds renewable generation, necessitating
continuous grid support. This high grid dependency is the
main reason for the system's total cost, which is the highest
among the three case studies

Renewable energy from the biogas plant, wind turbineThis case tyhlights the challenges of operating a microgrid
and PV system is allocated to meet energy demand, to chargféh insufficient inherent generation capacity.

the battery, and to produce green hydrogen.

0O =0 +0 +0 /t/n (70)
0 OO0 OFEsgmax /t/n (18)

O =0 +0 +0 Jt/in (92)
0 OO0 OEumax /t/n (103)

0 =0 +0 +0 Jt/n (114)
0 OO0 OEsmax /t/n (12)

The diesel generator is used to meet energy demand, and ‘

Equation (16) shows its lower and upper limits.

0 '® O dﬁax /t/n (136)

Equations (17)(19) describe, respectively, hydrogen

L
MY

Figure 2: Seasonal Comparison of Hourly Energy Supply and
Demandi Case Study 1

Doubling the renewable capacity to 4 MW in the second

production, the electricity consumption for hydrogencase study brings major benefits. The increased renewable
generation, and the bounds on electricity consumptionsnergy generation creates significant energy surpluses and the
Equation (20) defines the amount of hydrogen in the storag@odel incorporates an 839 kW electrolyzer, enabling the

tank, while Equation (21) imposdwettank capacity limits.
O =0 .g. a dqt/n an

O =0 +0 +0 +0 /t/n (148)
Eemn OO  OEeimax /t/n (159)
'0°Y="0"Y +0 /t/n (20)

0 O0"YOHSmax /t/n (216)

where @n a n de ate the electricityo-hydrogen

production of 63,597 k@f green hydrogen annually. This
hydrogen generation creates a substantial revenue stream of
u254, 388. The system's relian
reduced. Grid purchases fall to 1.5 GWh, meeting only 6% of

the annual demand. Although the total afisd cost is higher

than in the 2 MW case, the net system cost is reduced by 64%
to approximately 0a1.25 millio
The operational profile, as seen on representative days across
seasons (Figure 3), shows a more balanced sulephad

dynamic.

conversion factor and the electrolyzer efficiency, respectively.

RESULTS

This section analyses the results of the stochastic

optimization model for three microgrid configurations. To

investigate the impact of scaling renewable infrastructure,
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Grid  Electricity | 8.924.099,39 | 1.519.368,87 | 593.366,76
Purchase (kWh)

Share of Grid 33% 6% 2%
Electricity (%)

Green Hydrogen 0 63597 108298
Production (kg)

Green Hydrogen 0 254.388,00 433.192,00

Revenue (
Net Cost 3.203.943,69 | 1.254.336,55| 896.906,61

Figure 3: Seasonal Comparison of Hourly Energy Supply and In the 2 MW case, the first stage selects Highacity
Demandi Case Study 2 investments in the biogas power plant and wind turbines. In

The 10 MW case represents the most advanced desigge second_firsStage, 2MwW solar_P\(instaIIation is added; by
among the three case studies for maximum autonomy ange fourth firststage, wind capacity is increased up to 2 MW
profitability. The optimal design maximizes the biogast@P and battgrinvestment is undertaken. Under the 4 MW
capacity and includes a larger electrolyser (1,133 kW), whil&apacity limit, the first stage commits to sizable biogas and
solar PV is optimized at a lowanel than the 4 MW case and €lectrolyzer capacities. In the second {stige, the model

wind power is excluded. This configuration achieves thdntroduces the full planned capacity of solar PV, expands the
highest level of energy autonomy, with grid purchases fallinf'ec'“o'yzerv and instaltsbattery system. The third and fourth

to just 593 MWh per year, meeting just 2% of the annual’St-Stages continue increasing the biogas plant and battery
demand. The substantial renewable capacity leads to G&Pacity. Inthe 10 MW case, the fistage executes the full
significant increase in green hydrogen production, reachin%ogas and battery investments and commits to a substantial
108,298 kg per year. This surge drives hydrogen revenue fdectrolyzer capacity. The seubstage adds a large solar PV
G433,192. The combination C@H?‘_C'tyhai”s;ﬂH”heﬁ E‘t‘ftfo'bfzqrecﬁpac'wefg”%""r?ch Ry amy n g
minimal grid expense results in the lowest net cost a@dditional PViinvestment in thethird firstage. Across case

G 8 9 6-a 989 Feduction &m the 4 MW case and a 74% studies, the mukstage decision structure defers solar PV
reduction from the 2 MW case. This key finding indicates that?vestment in the firsstage and adoptsiit the second first

the economies of scale from increased renewable capaci?,""ge_' enabling nine months of PV generation over the
coupled with the value of hydrogen as an energy vector, cdgmainder of the year and markedly reducing grid purchases
lead to a more cosiffective system than a smell gric relative to the first quarter. The model selects no diesel
reliant one. The system operates with a high degree ef seff€nerator investment and grid electricity is only used to cover

sufficiency, as visualized on sample days in Figure 4. emand. The model utilizes surplus renewable energy for
7 green hydrogen production, as electricity sales are not

considered an option. In addition, Figure 5 shows hourly green
hydrogen production on representative days for the case study

15 Jan 15 Apr

M
@ w00
s /
0
= = 150 \
N E
: s
. z
0o
4 \I
\ .
2
s
Vo (5280 2

Figure 4: Seasonal Comparison of Hourly Energy Supply and s
Demandi Case Study 3

Hour (0-24)

The key results for each case study are summarized in
Table 1. Figure 5: Seasonal Comparison of Hourly Hydrogen

Productioni Case Study 3
Table17: Key Results for Case Studies

Energy Source 2 MW Case 4 MW Case 10 MW Case CONCLUSION
Biogas  Power 1936 3340 3725 This paper introduces a novel midtage optimization
framework for the optimal design and operation of a-grid
Plant connected hybrid microgrid. The main innovation lies in a
Wind Turbine 2000 36 0 sequential design, where the annual planning horizon is
Solar PV 2000 5405 1473 divided into four quarters, eh modeled as a twstage
stochastic program. This approach allows investment
Battery Storage 395 230 133 decisions to be adapted periodically, providing a more
Diesel Generator 0 0 0 dynamic and realistic framework than conventional single
Electrolyzer 0 839 1133 stage models for planning under uncertainty.
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hydrogen is an asset for the economic viability of renewable  Sustainable Cities and Societiol. 99, art. no. 104943, 2023.
microgrids. The proposed mufttage framework provides a [10] . Yang, H. Y. Lim, and S. T. Wong, "A mulitage stochas

beneficial decisiorsupport tool for achieving cosffective dispatching method for electricity hydrogen integrated energy sy
and lowcarbon energy syams. Future studies will focus on driven by model and dataipplied Energyvol. 371, art. no. 12366
2024.
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Abstract This article presents a concept for the sports complex into its natural surroundings, promoting ecological
complex of the future, aiming to offer a solution to the need for  sustainability. Social inclusion, energy efficiency, and
energy-efficient and sustainable sports facilities. The concept, community-based use are central pillars of the design, making
prepared for the Erasmus+ program Next Gen Sport Facilities, the BeeSportive Complex a replicable model for urban
is backed by extesive literature research and brainstorming.  development.

The name of the concept is The BeSportive. It is designed

according to outcomes of identification of existing wicked The BeeSportive Complex is an innovative sports facility

problems to develop future sport complex. design created to offer people technologytegrated, cutting-
edge experiences without disrupting the balance of nature, while

The BeeSportive Complex is a futuristic and sustainable also aiming to be an energefficient and sustainable complex.
sports facility concept that integrates smart technologies, energy This article outlines the key considerations behind the design, as
efficient applications setting a new perspective for urban sports  well as the sustainable and technological features integrated into
infrastructure. Inspired by the efficiency and collaborative it, presenting the project as a proposal for the sports complexes
nature of beed symbolized by the honeycomb structure and of the future.
emblematic of Istanbul Technical Universityy the complex
embodies a holistic design philosophy that combines Keyword$® Sustainability, Energy efficiency, Sustainable
environmental responsibility with community engagement and  design, eQUEST, Sport facilities, Multiscale strategies
technological advancement.

INTRODUCTION

This_paper presents the conceptualize_ltion, design strategies, Sports complexes and university campuses are- high
and projected outcomes of the Be8portive Complex. At the  aparqy facilities that operate for long hours, host large crowds,
inspied forms that promote spata efficiency and adaptapiy, 2 Teduire significant heating, caoling, lighting, and water
Susptainability is acﬁieved thch))ugh a multilgyered appproac%,' resourctt)as_kggl.]. Compﬁred to traditional achadem'lc buildings,
incorporating photovoltaic solar panels, wind turbines, kinetic sports bul Ings yically consume tV.VO to three times more

energy per unit area due to their size, occupancy rates, and

energy harvesting gym equipment, greywater recycling, and . ) o : e
permeable pavements for rainwater infiltration. These intensive ventilation requirements [2]. This high demand not

strategies collectively aim tor educe t he ¢ o mpPPl¥% xiRceases, geiaing costs but also contributes
consumption by 40% and water use by 30%. significantly to carbon emissions, makitigem critical focal

points for sustainable urban development. Therefore,
While planning an energyefficient and environmentally ~ designing such facilities to be innovative, smart, and

friendly campus, an analysis was conducted on the existing environmentally friendly is no longer optional, but essential.
sports complex. The energy consumption data of the current Sustainable sports complexes integrate energy efficiency
campus sports complex was measured using the eQUEST tool, measuresrenewable energy systems, and ecological design
and the planned efficieny improvements were based on this strategies to reduce resource consumption, ensureteamg
data. The design focused on the high energy usage for space durability, and create healthier environments for their
heating and cooling according to eQUEST data, and especially occupants [3]. Recent studies highlight that applying a multi
on the excessive e|eCtrICIty ansumptlon dunng summer scale approach,from bu"(grlevel |mpr0vementsto Camp.us
months. Renewable energy solutions were proped to reduce  \yige digital twins, maximizes both environmental and social
carbon emissions and create an eddendlier campus. The — papefits [4]. In this context, digital tools and simulation
concept of bees and honeycombs was incorporated into the - itqrms are particularly valuable. eQUEST enables the
epwronmentally conscious design to reinforce this theme identification of highconsumption components anthe
visually. . - . -~ .

evaluation of efficiency improvements by providing detailed

Artificial intelligence applications were integrated into the ~ Puilding energy modeling. ArcGIS also supports campus
model both to manage the sports complex in terms of energy and S¢@le planning by linking buildings to mobility, infrastructure,

other aspects, and to offer an innovative sports experience. security, and green spaces, thereby placing buHeie)
gains withina holistic campus framework [5]. The Bee

Green infrastructure, including vegetated roofs and Sportive concept aims to create a replicable model that
biodiversity-supportive landscaping, further integrates the
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combines these approaches, bringing together technologysed at Dublin City University) enable more effective

sustainability, and community participation. management of campus security and accessibility [8].
DESIGN, VISION AND CONCEPT Green Infrastructure & Smart Management
ArcGIS for Smart Campus Planning Campusscale green infrastructure integration plays a

critical role in climate adaptation and resour fficie

In large and heavily use dis rétdmimBnidied that the'micfbdimalte c?vanjaeg}: rov%céd%f a’

Campus, spatial planning tools are central to sustainabilit e ITU Forest be supported by permeable surfaces. rain
goals. ArcGIS integrates different data such as building PP y P '
rdens, and green r@o&round the sports complex. Such

roads, green spaces, and water infrastructure into a sin luti ; ” 0
digital platform, poviding decisiormakers with powerful Olutions can reduce surface runoff by up to 70% [9] and

analysis capabilities. The literature shows that ased educe the cooling load of buildings by 40% during the
analyses are an effective tool for energy efficiency, securigUmmer months [10]. In addition, the sports complex can be
and green infrastructure management on campuses [6]. Withiptegrated into the campus microgrid with -guppoted

the scope of BeSportive, ArcGIS mabled the modeling of HVAC and lighting management systems, allowing-teaé

the sports complex not only at the building scale but also asmaonitoring of energy consumption. Thus, buildsgale
Ahubo within the overall s efficienicydslintegrated with cakipsealie smati reanagemed u s .
allows pedestrian flows, rainwater flow directions, and greesystems.

space distributions to be evaluated at thepzanscale. Community & Biophilic Engagement

Campus sustainability is not limited to technical
utions; community participation and user experience are
also key to success. The B8portive concept therefore
embraces biophilic design principles: spaces with natural
light, green roof gardens, andcs#l areas integrated with the
forest strengthen students' connection with nature. Academic
studies show that biophilic design increases the sense of
belonging on campuses and contributes to usertvedtig

[11]. Furthermore, gamified energy and water eowation

¢ competitions, as exemplified by UC Davis and the University

As shown in Figure 1, the ArcGIS layers of the ITU
Ay a z @gmpus provide a comprehensive spatial planningOI
framework by digitally integrating buildings, roads, parking
areas, vegetation, and forested areas.

Streets

" O T L of Cape Town, increase student participation and reduce
‘ T 'g‘“‘- | *Q Buildings consumption rates [12]. This approach can be disseminated
B M LT at ITU through student clubs and sports teams. Thus, the
J‘E-‘..'-‘ WS Tinad sports complex W become not just a physical facility but a
T social and ecological f@Ahivebd
i Parking Areas BUILDING ENVELOPE RETROFITS

High-Performance Insulation

The building envelope is the primary regulator of heat
transfer between the interior and exterior environments.
_ | Vegetation and Lake Enhancing thermal insulation in walls and roofs is a
\ | i foundational strategy for reducing heating and cooling loads.
Research indicates that updirgg insulation in existing
buildings can lead to wholeuilding energy savings ofi5
i 20%, with the magnitude highly dependent on the baseline
! Forest Areas building stock, local climate, and operational schedules [13].
i For sports complexes, which feature extensive facaad
i roof areas, the implementation of continuous insulation
systems to mitigate thermal bridging is particularly critical to
Figure 1. Di gital Twi n L ay galigingaHeselsaihgsAyazaj a Campus

Smart Mobility & Digital Hive Connectivity Advanced Glazing System

The Ayazaja Campus hosts t généstradidn reprBsentssaasigrifisantoveak pdint iel eha t s
staff, and visitors daily. This high level of activity building envelope. The transition from singlane to double
necessitates the sports complex also serving as a mobiligy triple-pane glazing with lovemissivity (lowE) coatings
hub. The BeeSportive model therefore envisions the dramatically reduces Walues and controls solar heat gain.
compl ex as a fiMetrorcenneutoms,bicycle yStudies Bhowd thasuch upgrades can reduce specific space
lanes, and pedestrian paths converge at this hub, while it ¢dnditioning energy use by 185% [14]. In large sports halls
recommended that campus ring routes be supported kyith substantial glazing, the application of higlrformance
autonomous and lowarbon vehicles. Similar applications windows, coupled with strategic daylighting design, offers a
have been tested at other university campuses, and daal benefit of energy reductiand enhanced visual comfort
significant increase in the transition to public transportatiorfor occupants, mitigating issues like glare which can impair
has been reported [7]. In addition, digital twin technologiesathletic performance.
and reakime crowd density maps (such as the Pulse system
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Solar Shading Devices These systems use historical data, weather forecasts, and

In coolingdominated climates, solar radiation throughoccupancy predictions to optimize HVAC setpoints and
glazing is a major driver of energy demand. Fixed an@_tart/stop times. Rewews of this te_chnology suggest it can
dynamic external shading deviéescluding overhangs, Yield wholebuilding energy savings of 1Q0% by
louvers, and blinds are effective passive measures. Ae€liminating wasted energy in unocaegh periods and fine
comprehensive review by Kirimtat et 42020) concludes tuning system operathr_]_beyo_nd t_he capabl_lltles of static
that such devices can reduce cooling energy demand by gdhedules [20]. For faC|I|t|es_ with highly predlcpable event
25%, with performance dictated by orientation, geometrySchedules, such as stadiums, the potential for- pre
and climate. Horizontal louvers are optimal for sefating ~ conditioning and loaghifting is significant.
facades, while vertical fins are more effective on east and
west orientations. For sports facilities, these strategies
directly target peak cooling loads and improve occupant
comfort [15]. Case Study Description and Baseline Modeling

CASE STUDY APPLICATION AND QUANTIFICATION OF
EFFICIENCY STRATEGIES ATITU SPORTSCOMPLEX

Green Roof Systems

Green roofs provide a muffiinctional solution that
combines thermal mass, evapotranspirative cooling, a
added insulation. Their energaving performance is
variable, with metaeviews reporting reductions in annual
building energy demand ranging fra2fo to 15% [16]. The
effectiveness is contingent upon climate, substrate depth, a
irrigation. In the context of sports complexes, extensive gree
roofs can significantly lower roof surface temperatures

Figure 2. a)Fitness center Energy Model b) Olympic

thereby reducing the urban heat island effect adedsing Swimming Pool Energy Model
cooling loads for buildings beneath them, in addition to . o o
managing stormwater runoff. This study focuses on two distinct facilities within the
Il stanbul Techni cal Uni versi t:
HIGH-EFFICIENCY BUILDING SYSTEMS Fitness Center (housing a gymnasium, indoor basketball
Advanced HVAC Systems court, and fitness areas) and the Olympic Swimming Pool

) o ) o (including multipurpose classrots and studios). To
Heating, Ventilation, and AiConditioning (HVAC)  establish a performance benchmark, detailed energy models
typically constitute the largest energy eme in sSports of poth facilities were developed and calibrated using the
complexes. The adoption of higffficiency systems, suchas eQUEST simulation software, reflecting Istanbul's
Variable Refrigerant Flow (VRF) and aw-water heat temperatehumid climate and the specific operational
pumps, offers substantial saving&im et al. (2017) gchedules of aniversity sports complex.
demonstrated that VRF systems can achievé®@ energy
savings compared to traditional packaged units or central The combined total annual energy consumption for the
chilled-water systems, due to superior glaed performance  paseline scenario was calculated to be 11,249,011 kWhiyr.
and zoning capabilities[17]. Furthermore, the integration ofjgyre 3, shows the result conversions and annual energy
DemaneControlled Ventilation (DCV), which modulates consymption and it serves as the reference point against

outdoor air intake based on reai me CO S &hich Al ptoposed énergy comsation measures (ECMs)
particularly suited to spaces ywth fluctuating occupancy likgyere evaluated.
gyms and arenas, preventing energy waste from-ove Olympic g pool Fitness Center
4 H Area Area
ventilation [18]. = g
Smart nghtlng SyStemS Gas ion Gas conversion
. . - . 1 Btu=0.000293071 kWh 1 Btu=0.000293071 kWh
ng.h.tlng retrOfItS represent One_.Of the mOSt mcuve 328.15x106 Btux0.000293071 kWh/Btu 27,440,000,000x0.000293071=8,041,700 kWh
efficiency measures. The transition from traditional met =96,171 kWh
. . . . s . Electricity Electricity
hallde or ﬂuorescent Ilghtlng to nght Emlttlng_ qudes 800.84x103=800,840800.84x103=800,840 kWh 2,310.2x103=2,310,200 kWh
(LEDs) alone can reduce lighting energy consumption lby 40
. . | | | |
60% (DOE, 2022). Whenaired with smart controds SEET Y
including occupancy sensors for auxiliary spaces an 897,011897,011 kWh 10,351,900 kih
dayllght .harveStlng .SyS'Fems fOf perlmeter areas and Zon Total annual energy per m2 Total annual energy per m2
with skylight® total lighting energy savings can exceed 70%
19 F t | th t I t t 897,011897,011 / 7862 10,351,900 /5250
[19]. For sports complexes, this not only cuts energy taosts S s R
also reduces internal heat gains' thereby lowerin Total annual energy for all facilities Total annual energy Per m2 for all facilities
11,249,011 kWh 2,087 kWh/m?year

concomitant cooling loads. Figure 3. Annual Gas and Electricity consumption with the

SMART MANAGEMENT AND EMERGING TECHNOLOGIES combined overall annual energy consumption of both facilities.

Implementation of BEESportive Strategies and Cumulative

Al-Supported Building Management
PP 9 9 Results

The integration of Atrtificial Intelligence (Al) and Machine Alianed with the BEESport ial K
Learning (ML) with Building Energy Management Systems Igned with the portive concept, a sequential package
of ECMs was modeled to simulate a comprehensive-deep

(BEMS) moves control strategies from reactive to predictive. ' : T )
energy retrofit. The strategies were applied in a logical
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progression, where savings from one measure reduced tAé/ BEMS Optimization (Cumulative: 46.70% savings): The
load for subsequent systems. The results of this cumulativatroduction of an Addriven Building Energy Management
implementation are presented in figure 4.The calculationSystem, applying predictive control to the optimized
demonstrate that the integrated BEESportive design camvelope and systems, resulted in a further 9.4% saving
potentially achieve a finanergy consumption of 5,770,300 (1,057,991 kwWh). This highlightsh¢ substantial value of
kWhlyr, corresponding to a 48.7% reduction from thesmart, dynamic management in finming performance
baseline. beyond what is possible with static, higfficiency

1e7 Energy Reduction by Scenario Components alone'

11,249,011

1e6 Lighting Energy Reduction by Scenario
LTIZ4.301 LI24.30T LIZ24.30T

5,469,099

7,615,721

5.995.280 5.770.300

0.6 562.451

Total Energy (kWh/yr)
°
&

°
=

478.083 478,083

Lighting Energy (KWh/yr)

0.2

0.0
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pfeet N"“‘c i A“‘Yh e % s e \‘p&“‘) 4o0¥ oo X “e@“’
cen® o qoe™ (Rl ¥
Figure 4. Cumulative Energy Savings from Sequential per B
Implementation of BEESportive Strategies Figure 6. Lighting energy consumption and the saving
Analysis of Individual Strategy Impact Synthesis of Results for the BEESportive Concept

The sequential application of measures allows for a clearhe results validate the hierarchical effectiveness of the
analysis of each strategy's contribution to the overall goal. strategies discussed in the literature review. The most
Envelope Upgrades (24.71% savings): The implementatiogignificant savings originate from passive envelope
of high-performance insulation, windows, shading, and greeimprovements and higéfficiency system retrofits (HVAC
roofs provided the most significant single reduction in energynd lighting). The AI/BEMS optinziation then captures a
use. By drastically reducing the thermal loads on thdurther, substantial layer of savings by optimizing the
buildings, these passiveeasures achieved savings of overoperation of these improved assets. The final outcome of
2.7 million kWwh annually, establishing a more efficient 48.7% reduction in total energy consumption confirms that a
baseline for the active systems to serve. deeply integrated, holistic design approach is technically
Efficient HVAC Upgrade (Cumulative: 32.30% savings): feasible and highly effective for achieving transformative
Applying a highefficiency HVAC system (e.g., VRF with energy performance in a university sports complex. The
demandcontrolled ventilation) to the already reduced loadproposed nexgeneration BEESportive facility, embodying
from the envelope upgrades yielded a further 7.6% in savingbese principles, would operate at an annual energy
(653,378 kwh). This demonstes the critical synergy consumption of just 5,770,300 kWh.
between passive design and mechanical system selection,
where downsized, rigitized systems operate more ENERGYPERFORMANCEASSESMENTOFTHE BEE-SPORTIVE
efficiently. COMPLEX
HvAGiERerYRetuEtsn iTisGensiio Sports complexes are among the most engtgysive
building types due to their extended operating hours, high
occupancy levels, and large interior volumes. As such, a
detailed assessment of energy performance, coupled with
renewable energy integratiomrins one of the most critical
components of sustainable design [21].

HVAC Energy (kWh/yr)
w - vn

~

In this study, the existing campus energy profile was
= modeled using eQUEST, and multiple scenarios were
evaluated. Electricity consumption of the facility calculated
via eQUEST and reported as CSV file to investigate the self
- ah = sufficiency rate of the systerafter calculating solar and
™ T Tt s kinetic energy production. Renewable generation from
’ photovoltaic panels and kinetic flooring contributed 177,546

kWh, lowering grid dependency to 1,437,878 kWh.

Within the BeeSportive concept, renewable integration
Lighting Upgrades (Cumulative: 37.30% savings):Thewas not limited to conventional sources such as photovoltaic
retrofit to LED lighting with daylight and occupancy Systems, but also extended to kinetic energy recovery from
controls, achieving a 50% reduction in lighting energy,SPorts equipment and active surfaces. This approach reflects a
provided an additional 5.0% saving (562,450 kwh). This als§lual objective: pmoting sustainable energy generation while
contributes to a secondary saving by reducing internal he§tmultaneously enhancing user engagement in sustainability
gains, thereby slightly leering cooling loads. practices.

st

Figure 5. Cumulative Energy consumption from HVAC and the
savings
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In our modeling, kinetic flooring and fitness equipment Seasonal Energy Self-Sufficiency
were considered as supplementary renewable source
contributing approximately 40,005 kWh annually, as
illustrated in Figure 7. Although this value is modest
compared to solar PV generation, it playsymbolic and
functional role in linking physical activity with environmental _
responsibility. Comparable studies in fitness facilities have % e
reported similar ranges, showing that kinetic recovery g
technologies can coverid % o f a buildis
demand under typical occupancy conditions [22].

ncy

Self-Suffi

Renewable Energy Composition by Season 20

Solar Energy
50000 1 mmm Kinetic Recovery

T
Fall Spring Summer Winter
40000 1 Season

Figure 8: Seasonal Energy SeBufficiency Rates of the Complex

CONCLUSION

The Bee Sportive framework demonstrates that deep energy
retrofits, when coupled with advanced management systems

and renewable integration, can transform sports complexes
I I l I from highly consumptive facilities into models of sustainable
0 design. The findingsanfirm that passive envelope strategies

provide the foundation for significant energy reductions,

Figure 7. The Facility's Kinetic Energy and Solar Energy which are then amplified by efficient HVAC and lighting
Production Potential systems, and finuned through Al enabled management.

The case study application at Istanbul TecHnlit@iversity

For the solar energy application PV_LIB Python used as\rfl""“d"’mS th.'s approach, revealing thgt the - sequential
plementation of these measures achieves a remarkable

tool to calculate the solar energy production potential of th 6.7% reduction i I » .
building. For kinetic energy, values from the literature used as ™ in?ti;? t;fg'(;n I annual energy consumption, surpassing

a base for Python coding of energy production from spor?
equipments.

30000 1

Energy (kWh)

Fall
spring
Winter

summer

] ) o Moreover, the integration of renewable technologies,
With using kinetic energy, our results demonstratenciuding both conventional solar PV and participatory
consistency with the broader literature while highlighting thecinetic harvesting, strengthens the facility's resilience while
unique context of largecale sports complexes. Importantly, empedding sustainability into the daily experience of its
the inclusion of kinetic recovery offers educational a”dusers. The combined implemtation of solar and kinetic
behavioral benefits: use can directly perceive the nergy ensures 9.8% selifficiency for the complex's
relationship between their activity and the energy generate lectricity consump;tion demonstrating a meaningful step
reinforcing a culture of sustainability within the facility [23]. toward energy indepen’dence. With the addition of energy
Thus, while kinetic energy alone cannot providestorage systems, expanded passive design measures, and
substantial seléufficiency, its integration alongside PV entanced digital twin applications, future iterations of the
systems strengthens the conceptual framework aBee Sportive complex can further enhance this - self
participatory sustainability, where every user becomes agyfficiency and move decisively toward net zero operation.
active contributor to the energy ecosystdinis feature also
opens pathways for future research and design innovationgeyond its technical outcomes, the concept offers a cultural
including piezoelectric flooring in spectator stands or kineticypt- by Jinking physical activity with energy generation, it
harves(;t!ng hfroml h:cghrafflc ¢ C!{.C.Ulat'or}. .areia\st; _furthfer positions sports facilities as living laboratories where the
gég&?ﬂ;ﬁete%é? e of sports facilities as living labaratoo campus community actively participates in sustainability. In
9y- summary, he Bee Sportive vision provides a replicable and
Seasonal analyses revealed that-sefficiency rates forwardlooking model for universities worldwide,
varied significantly, reaching 11% in spring and summer bulemonstrating how sports complexes can evolve into
dropping to 7.9% in winter (Figure 8). These findingsecological and social hubs that advance institutional climate
highlight the importance of storage systems and additiongjoals while enriching the student experience

efficiency strategies to nigate the intermittency of renewable
sources [24]. ACKNOWLEDGMENT
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Abstract This study aims to evaluate the specific impacts intense drought. Overall, we consider agriculture to be a sector
of climate change on agricultural production by examining how  that is significantly affected by climate change. Between 1980
selected meteorological variables influence the yields of key and 2019, climateelated extremes in European Environment
crops - including wheat, maize, and sunflower in the Slovak Agency (EEA) Member States caused economic losses
Republic, while alsoexploring how these climatic factors affect totalling an estima e d G446 b i- lard iclionate We 3
farm-level decisiorma ki ng and producer s Ge|fed atrerhe% Baused écBrioMi€ lossEssrts estimated
The analysis reveals that average climatic conditions exhibit a 51 EUR 738 billion during 19802023 in the European Union
stronger correlation with yield anomalies than extreme weather [1]. The average annual temperature in Slovakia increased by
fevetnts,_ higk:wl'ghting the prctjadcil_rn_itnathrolel ct’.f mﬁanbcltimate almost 2°C between 1881 and 2016, at a rate that has been
actors In shaping crop productivity. ‘1he retationship between accelerating in recent decades. In fac,t, during the years 2000
crop yields and meteorological variables is economically 2020, the average temperature increase in the country of 0.065

heterogeneous, as each crop responds differently to climatic £ A
conditions due to its unigue poduction characteristics. C per year ginificantly exceeded the world average (0.031

Consequently, the economic impact of individual meteorological ~C Per yearj2].
indicators on yield outcomes varies across crops, influencing Climate change presents an escalating challenge to
farm revenue, input use efficiency, and risk management 5 cyitural  sustainability, primarily through increased
decisions. The results of our analysis confirm @t climatic and drought frequency and temperature variability. Drought is
soil conditions play a critical role in determining the yields of widely recognized as one of the most critical stressors limiting
selected agricultural crops. - > - o=

crop productivity, as iseverely restricts water availability and
triggers complex physiological and biochemical responses in
plants[3]. Authors[4] identify droughts as among the most
economically damaging natural disasters, with lmrgn
INTRODUCTION impacts on ecosystems and rural livelihoods. In the Slovak

The region of Slovakia is diverse in terms of aircontex;,[S] and([6] document regional C"”?a.te shifts, noting
%;at rising temperatures and uneven precipitation patterns are

Keyword$® crop production; climate conditions; farntevel
decisionmaking

temperature. In the lowlands, the air temperature is on avera I . bilit icularly in lowland 3
about 4 °C higher than in the mountains in the north. The uencing crop viability, particularly in lowland aregg]

temperature differences cause a number of negati é’l Kia. Th imati | £ 0 adapt
consequences. Shifts in regibtiiermal gradients have led to ovakia. These climalic pressurés compel farmers 10 adap
their practices modifying crop selection, sowing dates, and

altitudinal and latitudinal migration of native plant species. " F h ) i -
toward cooler northem and higher elevation zones ifrrigation strategies to mitigate risks and maintain yields. In

Slovakia, while thermophilic and nemative cultivars are resporse to climate change, Slovak farmers are increasingly

increasingly introduced in southern lowland ar8dmere are adopting regenerative practices like -tib sowing and

also new types of pests and diseases that we have not knoffitional grazing to improve soil health and reduce input
before. The constantly increasing air temperature also bring@Sts: Despite limited uptake due to higher expenses and weak

with it potentially higher evaporation, which ultimately causesUPSidies, field data shithat regenerative wheat farming can

the landscape to dry out and therefore irrigation is nefeded °€ More profitable than conventional methods, supporting its
greater extent. Due to the effects of climate change, there is S In climate adaptatiof8]. Moreover, access to climate

increase in the average annual air temperature every year. ,r@?s'l'?nt technologies and institutional support plays a crucial
we have already mentioned, rising air temperatures cannot B¢ In shaping adaptive behavior, especially in vulnerable

: . . regions like southern Slovakia where water scarcity is
considered the only factor affecting the agricultural sector. intensifying[9] [10], [11]. Our findings, consistent with those

The risk to agricultural crop productivity is posed by theof [12], indicate that the extended vegetation period due to
combination of eveincreasing global temperature with rising temperatures may offer opportunities for growing more
changes in precipitation, longer duration of heatwaves anckops. However, the benefits depend on how well farmers and

rther confirms the intensification of drought trends across
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crop systems adapt to shifting precipitation, increase@vident in agricultural regions. These evolving climatic
drought, and the risk of ground frosts during the growingconditions are not only reshaping ecological systbut also
season. presenting substantial challenges to lbagn food security,

Higher temperatures and more frequent extreme weathland management, and agricultural resilience. According to

. NPlgure 1, the rate of warming was slightly higher in the
events due to climate change are expected to lead to y'p\}\‘fgrmer half of the year (April to September) than in the colder
losses of current crop varieties in large parts of Eufbpe

Ce hdf (October to March). Between 2011 and 2016, the number
The negative impact of warmer temperatures has already begp days with an average temperature above 27°C was five

observed in many European countries, with average “'%¥es higher than in the period 195260, while days with an
production leading to a continewide decrease in yield of average temperature bele8?C fell by half

2.5% for wheat and 3.8% for barley, over ay2@r period
since 198914]. However, it can be expected that increasec
CO; concentrations in the atmosphere will compensate fc
some vyield losses and even lead to yield increases for cere
such as wheat in temperate regions such as Eytdije

S
B8

©
8

MATERIALS AND METHODS

This study investigates the influence of selectec,™
meteorological variables on the yields of three economicall =~ «*
significant cropd wheat, maize, and sunflové@rcultivated o
in the Slovak Republic. These crops represent a significar %
share of national agricultalr output and are sensitive to
meteorological fluctuations that directly affect productionFigure 1 Average annual surface air temperature in Slovakia for
volumes, market stability, and fatlevel profitability. To the period 1950 2022
assess the impact of environmental stressors on yield Authorés
performance, we employed multiple linear regreseiodlels
using agroclimatic predictors with high economic relevance
using key agroclimatic predictors: total atmospheric
precipitation during the growing season, average ai
temperature across the national territory, soil temperature a
depth of 07 ¢ nd, soilanoisture at a depth of Z8 ¢
These variables were selected based on their agrono
relevance and the availability of consistent ldagnm datasets.

Do odnjedsdws]
g
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annual average — 5-year moving average

Source: own processing based on

Monitoring longterm temperature trends is essential for
nderstanding the progression of climate change and its
glgional impacts. Figure 2 shows the average annual air
emperature in Slovakia in °C during the monitored period and
nﬁ\iso its deviation fromhie normal, which is determined as the

period from 1961 to 1990. The initial period is determined on
the basis of the lowest impacts of climate change, so we will
cropyieldint®= BOfX eci pitat i o rstartfroh 2omparing the values with this period. The most
firt e mp e r a textrenedrotghtr 3 significant average annual air teempture was recorded in
b &oiltemperaturg0i7c m) + b 617) 2022, when it was measured at up to 9 °C with a deviation of
Koil moisture(7i28c m) + U 2.6 °C. The year 2016 can be described as very to extremely
warm compared to the normal of 1961990. The average
territorial deviation from the normal is almost inccamngble
2018, as the average annual deviation of air temperature
m normal increased by almost 1 °C over the course of two
ears. We consider 2010 to be the most optimal year during
he monitored period, as the average annual air temperature
%eviatesonly minimally from normal.

Each predictor was processed as a quarterly time seri
spanning the period 2008023, allowing for the capture of fro
seasonal dynamics and irttanual variability. To account for
the impact of extreme climatic events, a binary (dummy
variable representinthe occurrence of extreme drought was
incorporated into the models. Drought data were sourced fro
annual assessments published by the Slova 1o
Hydrometeorological Institute (SHMI), which provide
standardized evaluations of drought severity and spati
distibution.
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Meteorological and environmental data used in this
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analysis were obtained from reputable sources, including tf
Slovak Hydrometeorological Institute  (SHMI), the
International Energy Agency (IEA), the Climate Change
Knowledge Portal (World Bank), and Metdad. These
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platforms offer higkresolution datasets and validated climate
indicators essential for robust modeling of colimate
interactions.

@ @verage annual air temperature _ average annual deviation from standard

Figure 2 Average annual air temperature in Slovakia in °C

Source: Authordés own based dat a

(SHMI)

processing on

RESULTS ANDDISCUSSION

Recent climatological assessments indicate a statistically

significant warming trend across Slovakia, with notable  precipitation variability is a critical component of regional
seasonal asymmetry. Observable shifts in temperatugimate dynamics and plays a decisive role in shaping
patterns over recent decades confirm that the country Ifydrological regimes, agricultural  productivity, and
already experiencing tangibleffects of climate change. ecosystem resilience. In the context of Slovakia, 4enm
Rising average temperatures, altered seasonal dynamics, é)nitoring of annual preciftion totals provides valuable
an increased frequency of extreme heat events are particulay; ight into the evolving nature of water availability under
ISBN: 978-618576506-4
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chang Figure 3 presents the annual precipitation levekhe identification of statistically significant relationships and
recorded across the territory of the Slovak Republic during thihe quantification of climaténduced production risks. These
observed period, alongside calculated surpluses and deficfiadings contribute to a deeper understanding of the
relative to the climatological norm. According to the Slovakbiophysical and economic driversyaéld variability and offer
Hydrometeorolgical Institute (SHMI), the average annual a foundation for adaptive decisiomaking in agricultural
precipitation i s appr oxi mpanmeng gnd climatd resilience strategiesy Wheig examising a
benchmark for evaluating deviations. The data reveahe relationships between hectare yields of selected crops and
pronounced interannual fluctuations, with a subtle declinindgcey environmental impacts we can conclude taaheof the
trend that may signal a transition toward dm@nditions. studied crops is relatively highly dependent on climatic
Although annual totals remain within a range consideredonditions.
climatologically favorable, the increasing irregularity and
seasonal imbalance of precipitation patterns pose significant The regression analysis revealed distinct @pgcific
challenges for water resource management, soil moistugensitivities to key agroclimatic variables, underscoring the
retention and longterm agricultural planning climatic complex interactions between environmental stressors and
conditions. agricultural productivity in the Slovak Republic. The
estimated coefficients favheat, maize, and sunflower yields
1255 (expressed in tlkha 17) highlig
economically relevant relationships.

1400
1200

1000

Precipitation

Precipitation exhibited a statistically significant negative
effect on wheat yields (1T0. 34
rainfall during the growing season may lead to waterlogging,
increased disease pressure, and delayed harvests. These
conditions can esult in substantial economic losses,

ww uf Junowe uonediald

e a06 i " o M emphasizing the need for improved drainage infrastructure
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 and Weathede‘XEd Insurance mechanlsms For malze, the
mYearly precipitation @ Annual surplus/deficit e f f e C t Wa s s ma I I e r b u t S t | I

. . o . indicating that rainfall excess particularly thg sensitive
Figure 3 Total atmospheric precipitation in Slovakia in mm . R

9 p precip ) henological stages can reduce ef)rofltablllti}/. “In contrast,
Source: Authordés own processing based on t

(SHM) UAfIOWErYielts raspdrided pdsitivety f0 precipitation, with &' * ¥
significant coefficient (+0.0389**), implying that this crop
may benefit from increased moisture availability under

_The results of the regression analysis provide empiricalarring conditions, potentially enhancing its economic
evidence on the sensitivity of crop yields to selected activeness in future climate scenarios.
agroclimatic variables under the prevailing conditions of the

Slovak Republic. Using a multivariate linear modeling Extreme Drought
framework, yield responsesrfwheat, maize, and sunflower
were estimated as a function of quarterly meteorological ar’\xi/it

o

Drought was consistently detrimental across all crops,
h the strongest negative impact observed for wheat

soil parameters over the period 200823. (12.0707%**) This reinforces

Table 18: Estimated Coefficients for Wheat, Maize, and water stress and highlights the economic imperative of
Sunflower Yields in Slovakia (2002023) investing in droughtesistant cliivars and supplemental

Variable Wheat Maize Sunflower irrigation systems. Maize also showed a significant negative

response (11.3484*%*), confirn

Intercept -6.6914%**  4.5169* 2.5586%* and the value of climateesilient hybrids and timely irrigation.
Sunflower, while less affected, still exhibidl a significant

Precipitation -0.3435*  -0.0148**  -0.0080** yield reduction (10.7454%**),

remains a relevant consideration for sunflower producers.

Air Temperature -0.0223 -0.2093 0.0389** .
Soil Temperature {0 cm)
Drought -2.0707*  -1.3484** -0.7454** Soil temperature varied markedly across crops. Wheat
showed a strong positive res|
Soil temperature atq -0.583**  -1.9190* -0.8188* that warmer soil conditions during early growth stages
depth of 67 cm enhance yield potential. This finding supports agronomic

strategies such as early sowinglasoil warming techniques

(e.g., mulching) to improve profitability. Conversely, maize
exhibited a significant nec
potentially due to oversaturation or poor drainage in warmer
soils, which may impair root development. Sunflowesoal
showed a smaller but significant negative response
(170.8188*), indicating that e
besogétillrnql for its growth, and adaptive management practices

Soil moisture ata | 0.0035** -2.1160%** 22.4001**
depth of 728 cm

Notes: *for p < 0.1; **for p < 0.05; **for p <0.01

The model incorporated total atmospheric precipitation
average air temperature, soil temperaturé7(0 ¢ m) ,

moisture (728 cm). and a bi nar yShopidpggonsidered ¢ o extreme
drought events. The estimated coefficients reflect the marginal
effects of each prediaqto on crop yield (tLha 1), all owing for
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Soil Moisture (728 cm) CONCLUSIONS

Subsoil moisture emerged as a critical yield determinant, Our research confirms that agroclimatic variability has a
particularly for wheat and sunflower. Wheat respondediirect and measurable impact on crop profitability in the
positively and significantly (+0.0035**), suggesting that Slovak Republic. The regression analysis highlights distinct
maintaining adequate moisture at depth supports stable yieldgnsitivities among major crops as wheat, maize, and
This underscores the @womic value of conservation tillage, sunflower, each requirintailored management strategies to
organic amendments, and other soil water retention practicegaintain economic viability under changing climate
Sunflower demonstrated a remarkably strong positive effeat o ndi t i ons. Wheat 0s vul ner ab
(+22.4001*), indicating that deep soil moisture is a keyresponsiveness to warmer soil temperatures emphasize the
driver of yield and profitability. Thisfinding supports i mport ance of ti mely sowing
investment in soil moisture monitoring technologies and crogusceptility to excess moisture and heat calls for precision
rotations that promote deep rooting systems. In contrast,r r i gati on and t her mal regul e
mai ze showed a significant yiegdergspohse Yoedeep SubDID mossttire positonslitlag @ * *
which may reflect its sensitivity to waterlogging or difletes  promising crop in regions with stable water reserves.

in root architecture. . . . .
The economic analysis of adaptation strategies

Economic Implications demonstrates that investments in irrigation, drainage, and soil

The regression findings reveal that yield sensitivity totémperature regulation are not only agronomically effective
agroclimatic variables has direct consequences for croput also financially justified. Technologies such as moisture
profitability in the Slovak Republic. Wheat demonstrates higtfe€nsors and remote sems enhance decisiemaking and
vulnerability to drought conditions but benefits significantly reduce risk, supporting more resilient farm operations.
from warmer soil émperatures during early growth stages.Moreover, strategic crop selection and rotation planning
These sensitivities suggest that profitability in wheatligned with local soil and climate profiles can optimize
production is closely tied to timely sowing and effective soilyields, lower input costs, and reinforce letegm
management practices. Maize, on the other hand, fstainability.
particularly susceptible to excess moistured aglevated In conclusion, climatsmart agriculture in Slovakia must
temperatures, indicating that its economic performancge grounded in creppecific responses, economic reasoning,
depends on precision irrigation and temperature regulatiogn adaptive management. By integrating targeted
strategies. Sunflower yields show strong positive responses {@erventions and informed decisiomaking, farmers can

deep su_bsoil .moisture, highlighting its potential for highmitigate climate risks and harrsesmerging opportunities for
returns n regions with stable water reserves and -well profitable and resilient production systems.

structured soils. ) o ] .
Ultimately, the findings of this study reinforce the need for

The costbenefit analysis of adaptation strategiesyroactive and informed managerial decisioaking in Slovak
underscores the economic viability of targeted interventiongygricylture. As climate variability intensifies, farmers must
Investments in irrigation infrastructure such as drip Ofqt only respond to shetérm weather fluctuations but also
subsurface systems can substantially mitigate dreughbian stratgically for longterm resilience. This includes
induced yield losses, especiaity wheat and maize. In areas eya|uating investment options, adjusting crop portfolios, and
prone to waterlogging, drainage systems are economicalljieqrating climate data into operational planning. Supporting
justified to protect maize yields. Soil temperature regulatiofhese decisions through targeted policy incentives, extension
techniques, including mulching and-ibfarming, offer cost  gepyices, and access climate information will be essential

effective solutions for both sunflower amhize, enhancing for safeguarding agricultural productivity and economic
root zone stability and thermal conditions. Furthermore, th iability in the years ahead.

adoption of moisture monitoring technologies, such as soi
sensors and remote sensing platforms, can improve input
efficiency, reduce production risk, and support dhtaen
decisionmaking at the farm level. ACKNOWLEDGMENT
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Abstrac6  Electrical power and energy systems are
undergoing an unprecedented transformation, demanding
urgent upgrades to make them more reliable, resilient and
secure. In order to develop holistic risk management systems for
the energy systems, there is a needrfimproving collection and
homogeneous representation of data coming from legacy
equipment and modern communication devices, i.e. 0T and
DERs. The scope of this paper is to establish a framework for
data collection mechanisms that should be dewed in the
frame of an energy data platform towards establishing a secure
and trustful data sharing framework for all energy data value
chain stakeholders. The proposed framework is under
demonstration and evaluation in 3 demo sites around Europe
and the preliminary evaluation actions are reported in this
paper.

Keyword$® data sharing, privacy, security, IoT/DER, SCADA,
federated environments

INTRODUCTION

to optimize flexibility services, and limits consumer
participation in the energy market. To address these critical
issues, a new, comprehensive framework is needed to create a
trusted and interoperable data ecosystem. This paper proposes
a Federated Eneyghata Space framework, coupled with a
Cloud-Edge Data and Intelligence Service Platform, designed
to overcome existing baers and unlock the full potential of

a digitalized, decentralized energy sector.

THE FEDERATED ENERGY DATA SPACE A PARADIGM FOR
DATA SOVEREIGNTY AND INTEROPERABILITY

The Federated Energy Data Space is a conceptual and
architectural framework designed to enable secure and
sovereign data sharing without a single, centralized authority.
Unlike traditional models that require pooling all data into a
monolithic repositorythis framework allows data providers
to retain full control over their data while making it available
for specific, predefined purposes. This model is built on two
core principles: data sovereignty and interoperability. Data

The European energy sector is undergoing a profound arsvereignty ensures that theiaawner always controls who
multifaceted transformation, driven by two primary forces:can access their data and for what purpose, fostering trust and
decarbonization and digitalization. This dual shift is at thdegal compliance. Interoperability guarantees that different

heart of

t he [lEdanhd the REPosverEI[R] D espgstems and data formats can seamlessly communicate with

Plan, which set ambitious goals, including a 45% renewableach other, eliminating technical silos.

energy target by 2030. This transition is necessary not only for
mitigating climate change but also for enhancing energ
independence and security in a volatile geopolitical landscap
the energy system was centralized and
unidirectional, with large power plants delivering electricity
to consumers. Today, this model is being replaced by a
decentralized network where millions of Distributed Energy

Historically,

Resources (DERSs), such as solar paneld turbines,

electric vehicles (EVs), and battery storage systems, are
integrated at the grid's edge. This new paradigm introduces
significant challenges for traditional grid management. The
intermittent nature of renewables and the dynamie, bi
directional energy flows from DERs can lead to grid
instability, voltage fluctuations, and congestion, particularly

at the distribution level.

The key to navigating this complexity is effective data and
intelligence sharing among a diverse set of stakeholders,
(DSO0s),
and

including  Distribution  System  Operators
aggregators, Local Energy Communities (LECSs),
individual prosumers. However, the cuttelata landscape is

highly fragmented. Data is often trapped in proprietary
systems and organizational silos, hindering the development
of innovative, datalriven services that are essential for a

resilient and efficient energy system. The lack of a ediflata
exchange mechanism prevents DSOs from gainingtireal

visibility into their networks, makes it difficult for aggregators
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The core components of this framework are essential for
uilding a robust and collaborative data ecosystem:

Trust and Governance: This element establishes the
foundational "rulebook" of the data ecosystem,
comprising a comprehensive set of legal, business,
and technical policies and standards for data
exchange. It's the bedrock upon which trust is built.
By adoping principles from pioneering initiatives
like the International Data Spaces Association
(IDSA[3]) and GaiaX[4], the framework embeds
data sovereignty as a core tenet. This means data
owners retain full control over their data, defining
precisely who can access it and for what purpose.

The governance model ensures compliance with
relevant legal frameworks, such as the GDPR, and
establishes clear guidelines for data licensing, usage
policies, and liability. This clarity builds confidence

among all participants, from large corporations to

small startups, encouraging broader participation. It
creates a secure and trusted environment where
stakeholders can share sensitive or valuable data with
the cryptographic assurance that it will be used
exactly as agreed upon. The governance structure
itself is often managed by a neutral entity or a
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consortium of participants, ensuring fair and
transparent enforcement of the rules for everyone.

all transactions, and maintains the overall integrity of
the ecosystem. It simplifies onboarding for new
participants, as they can leverage their existing
identity managenmg@ systems, thereby reducing
friction and encouraging the network to grow.

Secure Data Connectdfy: Secure Data Connectors
are the technological enforcers of the governance
rules, acting as standardized, secure gateways for data
exchange. These components facilitate direct,-peer This framework moves beyond the conventional,
to-peer (P2P) data sharing between participantsentralized data platform model to a distributed, collaborative
without routing the datantough a central platform or ecosystem. It fosters a more dynamic and democratic energy
intermediary. Each participant deploys a connectosector where data is viewed not as a commodity to be hoarded

within their own IT infrastructure, giving them a but as a shared resource the common good.

sovereign endpoint to the data space.

Functionally, a connector acts as a policy enforcement
point. When a request for data is made, the connector
first verifies the identity and authorization of the
requesting party. It then consults the data usag
policies defined by the data owner and opérmits
the exchange if all conditions are met. This direct
connect, policyenforced approach dramatically
enhances security and data sovereignty. Furthermor@
it eliminates single points of failure and performance
bottlenecks that are common in centralizdata
architectures, leading to a more resilient and scalable
ecosystem.

Semantic Interoperability6]: For data to be truly
valuable, it must be understood. Semantic
interoperability ensures that data from diverse sources
is not just accessible but also meaningful and usable
across the ecosystem. This is achieved by
implementing a common ontology and sfthrdata
models. The ontology defines a common vocabulary
and the relationships between key concepts within the
domain (e.g., defining what a "smart meter" is and
how it relates to a "grid connection point"). The data
models then provide a standardized dtice for the
data itself (e.g., specifying that a smart meter reading
must include a timestamp, a consumption value, and
a unit of measurement).

This semantic layer acts as a universal translator. It
harmonizes data from various souiesich as smart
meters using different protocols, EV charging stations
from multiple vendors, and proprietary weather
sensord into a consistent format. Without thite
ecosystem would be a "Tower of Babel," where data
is technically available but practically useless. By
ensuring all participants speak the same "data
language,” semantic interoperability enables the
seamless integration of services and the development
of complex, crosslomain applications.

Federated Identity Management: A decentralized, o
federated, system for authenticating and authorizini
participants and their digital assets is vital for security
and scalability. Instead of a single, central authority
that manages all identities, a feaked model allows
participants to "bring their own identity" from a
trusted identity provider. This ensures that only
verified and trusted entities can participate in the dat
space. This system manages the identities of not ju:
organizations and usergjtlalso their datproviding
assets like loT devices, APIs, and even the connecto
themselves. Using technologies likeerifiable
credentials and digital certificates, each entity can
cryptographically prove its identity and its right to
access specific data. This approach prevents
unauthorized access, creates a reliable audit trail for
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THE CLOUD-EDGE DATA AND INTELLIGENCE SERVICE

PLATFORM

To operationalize the principles of the Federated Energy
ata Space, a multayered CloueEdge Data and Intelligence
ervice Platform is proposed. This platform is specifically
designed to handle the complexity and sheer volume of data
generated by DER#t leverages the strengths of both cloud
nd edge computing to process data efficiently and securely
where it is most needed.

Edge Layer: This layer is located at the physical
source of the dafiaat substations, within local energy
communities, or at individual households. Its primary
function is to perform redime data processing and
analytics. This proximity to the data sousce
significantly reduces latency, which is critical for
reattime grid management. A key feature of the edge
layer is federated learning, a privagseserving
technique that allows Al models to be trained on local
data without the data ever leaving the deviThis is
crucial for applications that involve sensitive data,
such as energy consumption forecasting and
predictive maintenance, as it balances the need for
powerful analytics with  stringent privacy
requirements.

Cloud Layer: The cloud layer provides the centralized
intelligence and coordination necessary for-gvide
services. It aggregates hitgvel insights from the
edge layer, runs advanced analytics, and hosts Al
enabled orchestration mechanisms. These
mechaisms function as the central nervous system of
the platform, coordinating actions across diverse
stakeholders. For example, they can coordinate DSOs
to manage grid stability, aggregators to dispatch
flexibility services, and market platforms for price
signals. The cloud layer also supports ldagm
planning, market integration, and the development of
new, innovative energy applications.

Figure 38 Edge layer architecture snapshot
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The seamless integration of these two layers creates a
powerful, eneto-end architecture.

The edge layer provides the local, réale intelligence
for dynamic and localized grid management, while the cloud
layer provides the holistic view and coordination required for
a resilient and stable energy system.

DATA INTEROPERABILITY AND GOVERNANCE
FRAMEWORK

Effective data handling within the Federated Energy Data
Space is underpinned by a robust data interoperability and
governance framework. This framework relies on
configurable data pipelines that manage theterehd flow
of data, from provider preprocésg to final storage and
cataloguing. The process ensures that data is standardized,
secure, and ready for use.

Metadata/ DataStore

Federsiad  DataPipaiine 5 ErEm

DataOps. Configurator/ Viulnerability H Engine =

Monitor ul Assessment é [ Quality service | H

Engine Data Privacy,

DataGps  Authentication/ 2 A.-...\..m."’ §:

Runtime  Authorization Intrusion — 2 E

Manager Engine Detector a Access Policy o
: g
a

Secure Data/ Metadata Store

Preconfigured Connectors To simplify
integration with common industry systems,
the  platform  includes  specialized
connectors. These connectors handle the
protocotspecific complexities for standards
like OCPP (for EV charging stations),
MODBUS and OP@JA (for industrial
equipment and  SCADA  systems),
abstracting the technical details away from
the data provider.

This adaptable approach ensures a low barrier to entry
and allows the ecosystem to easily accommodate new
data sources as it grows.

Enforcer
Poisoning =
Detection Engine rm—
Access Policies Controller Minimizer
Cloud-Edge Orchestrator ulnerability
and Operations Manager Asscamment Engine
'ODEON Federated
Environment

DataOps/ AlOps and Continuum
Orchestration Features

Data Interope and
‘Governance Features

Cybersecurity Features&
Components

Figure 39 End to end framework architecture

Features

The data flow begins with preprocessing at the data
provider's end. This involves extracting and transforming data
into a compatible format and, if needed, developing APIs for
exposure. A key element, as seen in projects like the proposed,
is the use of aloT gateway. This gateway handles multiple
protocols, such as MQTT and CoAP, and implements data
minimization techniques, ensuring that only valuable data
enters the data space. It also provides the necessary connectors
to ensure compatibility with standkzed protocols.

Once preprocessed, data is ingested into the environment
via the data pipelines, which are configured and executed in
distinct phases:

1 Data Collection: This initial phase focuses on
acquiring data from its source. Recognizing that data
providers operate with diverse technologies and
protocols, the framework offers maximum flexibility.
Providers define their preferred ingestion method,
choosing from a comprehensive suite of options:

0 Manual Uploads Ideal for static or
historical datasets, allowing users to upload
fles (e.g., CSV, JSON, Parquet) directly
through a secure portal.

0 Automated API Calls: For systems that
expose data via REST or GraphQL APIs, the
pipeline can be configured to pull data on a
schedule (e.g., hourly, daily) or triggered by
specific events.

0 Pub/Sub Mechanisms For realtime data
streams, the pipeline can subscribe to
messaging brokers like MQTT or Apache l
Kafka. This eventriven approach is perfect
for 10T sensor readings and other time
sensitive information.
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Figure 40 Configuration of data collection process

Semantic Mapping: The system maps dataset fields to
a common information model. This is a critical step
for achieving semantic interoperability. Providers can
manually correct and enrich these mappings, ensuring
that data from different sources is consitlie
interpreted. The process is a huniatheloop
workflow:

(0]

Automated Suggestion The system first
analyzes the source data's schema and
suggests initial mappings based on field
names and data types (e.g., mapping a source
field named temp_celsius to the CIM field
temperature).

Manual Refinement Data providers then
use an intuitive graphical interface to review,
correct, and enrich these mappings. They
can apply simple transformations, such as
converting units (e.g., pounds to kilograms)
or standardizing formats (e.g., date strings to
ISO 8601).

Figure 41 Configuration of semantic mapping process

Data Quality Enhancement: This phase involves
defining rules and using machine learning (ML)

techniques to address common data quality issues,
such as missing values, duplicates, and outliers. This
ensures that the data used for analysis and decision
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making is reliable and accurate. Key processes in this
phase include:

research and analysis while adhering to strict privacy
regulations like GDPR.

o Validation Rules: Providers can define 1 Data Encryption: Data protection is enforced both
custom rules to enforce data integrity (e.g., when data is moving between participants and when
energy_consumption must be a positive it is stored. The framework implements robust
number, location_coordinates must be encryption as a fundamental security pillar.
within & valid range). 0 Encryption in Transit : All data exchanged

0 Missing Value Imputation: The system can in peerto-peer (P2P) transactions is
automatically handle missing data points protected using industistandard transport
using various strategies, from simple protocols like Transport Layer Security
statistical methods (e.g., filling with the (TLS) 1.3. This creates a secure, encrypted
mean/median) to advanced ML models that tunnel between the data consumer's and
predict the missing value based on related provider's connectors, preverg
data. eavesdropping, tampering, or raiarthe

o Outlier and Anomaly Detection ML middle attacks as data traverses the internet.
algorithms trained on historical data identify o0 Encryption at Rest Beyond securing data
and flag values that deviate significantly in transit, the framework provides options
from the norm, such as a faulty sensor for encrypting data while it is stored in
reading or a data entry error. databases or file systems. Using strong

o0 Deduplication: Sophisticated algorithms algorlthmsh like AESfZSGr’] t.h'sl measure.
find and merge duplicate records, even when ensures t a(; e;l/endl physica st%ragle IS
they are not exact matches. compromised, the data remainsreadable

without the correct cryptographic keys.

By the end of this phase, the data is clean, reliable, and Secure management of these crvotoarahic kevs is
accuraté transformed from raw information into a t gd handled thr yﬁ i%t pr ted yk
trustworthy asset ready for sophisticated analysis and paramount and handie oug h egraled key
decisionmaking. management services, ensuring that protection is

never compromised.
DATA SECURITY AND SOVEREIGNTY f Access Policies Management: This is the central

The Data Security & Sovereignty Block is a dedicated set nervous system for data governance, providing the
of configurable services executed within the data pipelines to means to define, control, and enforce who can access
safeguard all data assets. This block is integral to the data and what they can do with it. Going far beyond
framework's design, ensuring robust access control, data simple allow/deny rules, the system enables highly
privacy, and endo-end security. These security steps are granular, dynamic policies based on the principle of
complementary to the interoperability processes and are Attribute-Based Access Control (ABAC).A data
seamlessly integrated into the same configurable pipeline provider can create policies that evaluate a richset of
structure. Key security measures include: attributes before granting access, such as:

1 Data Anonymization: This is an optional but powerful 0 Identity Attributes : The role, organization,

service that allows data providers to surgically or specific identity of the requester.

remove — or obsqu_re Pers_onally ldentifiable 0 Resource Attributes The sensitivity level
Information (PII), striking a crucial balance between or type of the requested dataset

data utility and individual privacy. Before sharing a P q '

dateset, a provider can apply a range of sophisticated 0 Environmental Attributes: The time of
techniques to minimize the risk of-igentification. day, geographic location, or security status
The platform supports various anonymization of the device making the request.

methods, including: Crucially, this extends tbata Usage Contro] where

0 k-Anonymity: This technique ensures that policies remain attached to the data even after it has
any individual in the dataset cannot be been accessed.
distinguished from at least -k other
individuals. It achieves this by generalizing - -
quastidentifiers.

o Differential Privacy: Considered the gold
standard, this method adds mathematically
calibrated statistical noise to the data. This
makes it virtually impossible for an attacker
to determine if any single individual's
information is present in the dataset,
providing a provable nwacy guarantee
while preserving the dataset's aggregate
statistical properties.

Figure 42 Configuration of dataanonymizationprocess

By offering these tools, the framework empowers data  Following the execution of these services, additional
providers to confidently share sensitive data forprocesses handle data and metadata information. Data storage
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involves selecting the appropriate location, either a centralized
cloud data space or federated data spaces, which affects the
pipeline's execution and data storage repository. Data
indexing is also crucial for handling metadata, which enables
dataset praling and searchability. This includes defining both
static and dynamic metadata and access policies for the
metadata itself.

DATA CYBERSECURITYBLOCK

The Cybersecurity Block is a critical component designed
to secure the federated environments against the unique cyber
threats of a decentralized energy system. It operates in two
phases: Desigtime for initial configuration and Runtime for
continuous, active protection.

The Intrusion Detection and Vulnerability Assessment
process is initiated during the desiime phase, where
security administrators establish the foundational securitg
posture. This involves deploying monitoring agents across t
stack and configuring & Intrusion Detector based on the
system's specific topology and domain knowledge. During th
runtime phase, a continuous cycle of protection begin
Behavioral monitoring is constantly performed by the
deployed agents, feeding data to a centralized iotrus i
detection system designed to identify anomalies. A
subsequent vulnerability assessment is triggered by any
detected event, mapping it to known threats, calculating the
overall risk, and storing the output on the ledger for an
immutable audit trail. Tl dynamic process can automatically
trigger system reconfiguration or the application of mitigation
measures to neutralize threats.
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Figure 43 Intrusion Detection and Vulnerability Assessment

Figure 44 Intrusion Detection Dashboard Overview

DATA ORCHESTRATION ANDOPERATIONSMANAGEMENT

At the heart of the orchestration subsystem is the DataOps
Runtime Manager (DRM). The DRM is responsible for the
timized and reliable execution of data workflows across the
rious data spaces. It embodies a DataOps approach,
ensuring that data pipelinese not just static workflows but
Sre dynamically managed and optimized for performance and
Yesource efficiency.

When a data processing request is triggered, the DRM
first consults a catalogue to assess the required
resources and expected performance metrics. It then
crossreferences this with a catalogue of available IT
infrastructure. If resources are insufficieam, error is
returned. Otherwise, the DRM performs an optimal
resource allocation and deploys the workflow via the
Data Pipeline Executor.
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Figure 45 DataOps Runtime Manager architecture overview

Similarly, the Poisoning Detection process begins with a
critical desigrtime phase where machine learning models are
trained using both normal behavioral data and a pool of known
poisoning attacks to recognize adversarial manipulations.
During runtime, tk system leverages these trained models to
continuously monitor data, detecting deviations that indicate a
potential ML poisoning attack. This ensures the proper and
ethical execution of the platform's ML and AlOps processes
by guarding against malicioust manipulation.

A DataOpsRuntime Monitoring module is also made
available for lowlevel monitoring of the resources
used for executing data pipelines. This module is
complemented by the Data Observability Engine
(DOE), which monitors the execution's telemetry data
in realtime. Sould the DOE detect a remediable
anomaly, such as a performance degradation, it
notifies the DRM. The DRM can then dynamically
reschedule the workflow or migrate it to another node
with more resources to maintain performance and
data integrity.

This robust orchestration system ensures continuous
management, traceability, and observability through data
tracking, process monitoring, and proactive alerting. It
guarantees that the entire data ecosystem operates efficiently
and reliably, which is ciital for reattime grid management.
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USeECASES ANDENVISIONED VALIDATION

The proposed framework has the potential to unlock
wide range of transformative use cases across the enti
energy value chain, from grid management to consumer
empowerment.

large-scale validation will be a crucial step in proving the
amework's potential to usher in a new era of decentralized,
égital, and sustainablenergy for Europe.

ABBREVIATIONS

ABAC: Attribute-Based Access Control

1 Reattime Flexibility Activation: DSOs can use the

platform to identify and activate flexibility services Al: Artificial Intelligence
from DERSs to alleviate grid congestion. For example A|Ops: Artificial Intelligence for IT Operations

during a period of high demand, the system can send
a signal to a fleet of EVs to pause chargfog a

CIM: Common Information Model

specified time. This is a critical tool for managing the heR- pistributed Energy Resource

intermittency of renewable energy sources and

maintaining grid stability. The framework provides DSO: Distribution System Operator

the necessary retime data exchange and
orchestration capabilities for this to happen at scale

1 Predictive Grid Management: By analyzing data from

GDPR: General Data Protection Regulation
IDSA: International Data Spaces Association

smart meters, DERs, and weather forecasts, thg: Information Technology

platform can predict potential grid issues, such a
voltage sags or overloads, before they occur. The A
enabled orchestration mechanisms can
proactivelytake corrective action, such as adjusting
voltage regulators or dispatching a demesgbonse
signal, thereby improving grid resilience and
reliability.

IiEC: Local Energy Community
thell: Personally Identifiable Information
SCADA: Supervisory Control and Data Acquisition
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1 HumanCentric Energy Services: The framework HORI ZON Eur ope

empowers prosumers and Local Energy Communitie®3-01-15- Supporting the green and digital transformation of
by providing them with the tools and data to optimizethe energy ecosystem and enhancing its resilience through the

their energy consumption,

participate in local development and piloting of AbT Edgecloud and platform
flexibility markets, and even sell excess energy tas ol ut i ons o

their neidgibors. This fosters a more inclusive andfi O D E Oféderated data and intelligence Orchestration &

democratic energy system where citizens are active h ar i ng

participants rather than passive consumers. For
example, a community can pool its DERs and use the

platform to collectively manage its energy profile and [1].

optimize bcal energy exchange.

The effectiveness of this framework will be validated
through largescale pilot projects across multiple European
countries. These pilots will demonstrate the technical

feasibility and commercial viability of the proposed solution 2.

in diverse regulatory anmdarket environments. The validation
process will involve a wide range of stakeholéeB3SOs,
aggregators, communities, and prosuers ensure the
framework meets the needs of the entire energy ecosystem.
The results of these pilots will be instrumentaidentifying

and addressing any remaining barriers to widespread 31

adoption.

CONCLUSION

The decarbonization and digitalization of the European [4]-

energy sector are essential for achieving the EU's ambitious
climate and energy goals. The current fragmented and siloed

data landscape poses a significant barrier to this transition. 5].

This paper has pposed a Federated Energy Data Space
framework, coupled with a Clodedge Data and Intelligence
Service Platform, to create a secure, interoperable, and
sovereign data ecosystem. By enabling trusted data exchange,
leveraging advanced Al and federated leagn and

implementing a robust DataOps approach, this framework can (-

accelerate the deployment of ddtéen energy services. It
empowers citizens to become active participants in the energy
transition, reinforces the resilience and security of future
enegy systems, and provides the foundation for a more
sustainable and decentralized energy model. The envisioned
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Abstract- The Visualization Tool is an application, designed
to provide hydro power plant operators with reakttime
monitoring capabilities. The tool integrates clear graphical Modern HPP operators require advanced monitoring
representations, automated alerts, voice warmings, and ganq visualization systems to ensure stability, efficiency, and
interactive  parameter management to ensure efficient  gafety. The presented Visualization Tool provides operators
supervision of operational parameters. The application was is \yith an interactive and intuitive interface for reime data
developed for The DiHydro Project using Python and its surveillance
graphical libraries: Tkinter for the interface [4] and enhanced : . . .
with matplotlib [9] and pandas [7], it runs as lightweight h ?eve_lopedﬁentlrel)r)ln Python prgglrammlnglg Ianguage,
executable application connected to the control room database. the app |c.at|0n ofiers ro ustness and fow Imp ementation
Displayed on large TV screens, the solution ensures operators COStS. Wh'lef maintaining _adaptablllty. It feature's clear
can visualize current values, prealerts, alerts, and tendencies draphical displays of turbine, well, gate, and main status
from up to ten meters away, offering an accessible and cest Parameters, alongside reahe derts and warnings. The
effective alternative to SCADA systems. integration of computegenerated voice messages further

enhances operator s awar enes

overlooked anomalies. [5]

INTRODUCTION

Keywords - visualization, monitoring, surveillance, hydro,

operators The Visualization Tool is developed for The-Di
Hydro Project and the parameters are received from the
partners involved. So, we get
Table 5: Abbreviations HPP, from sensor data or just other measurements.
Acronym Description
AAP,aK ACCENLE’;‘(D)UZSO:O SRL. Union Lhis projecé has received furillding frjom.the European
— . nion'sHorizon urope research and innovation
CC%T,S Crgf,f,ﬂi‘;f,ﬁf;’;;ﬁf,;ﬁi;‘”g programme (under the topic HORIZONCL5-2022D3-03
DT Digital Twin 08/Development of digital solutions for existing hydropower
GUI Graphical User Interface operation and maintenance and responds to the Call
HDMI High-Definition Multimedia HORIZON-CL5-2022D3-03/Sustainable, secure and
Interface competitive energy supplynder grant agreement No
HP Hydro Power 10112267.
HPP Hydro Power Plant
HTTP Hypertex't _Transfer Protocol l. EASE OFUSE
ms Milliseconds
Numpy Numerical Python The system prioritizes uséiiendly interaction by
O&M Operations & Maintenance . . . .
PC Personal Computer offering a S|mpl_e anq clear graphical user interface. Operators
PPC Public Power Corporation can quickly identify current parameter values, trend
PyPI Python Package Index tendencies, and alert states thanks to visual cues such as color
RESTful API Representational State Transfe coded warnings and bking indicators.
App"cat;g{‘eﬁ;‘;%ramm'”g An Air-Mouse and TV remote control provide
RE Radio Frequency wireless interaction, eliminating the need for a keyboard or
SCADA Supervisory Control and Data traditional mouse. The tool is displayed on a ldigyenat TV
Acquisition. screen, visible up to ten meters away, ensuring that multiple
vV Television operators can simultaneousiyionitor data in the control
ul User Interface room. Popup windows allow quick adjustment of padert
Sgg U”inaer:{\fgfsigleszmeéf;PP'Y and alert thresholds, making the tool both adaptable and
T Visualization Tool responsive to operational needs.
WSGI Web Server Gateway Interface
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1.V ISUALIZATION TOOLES FUNCTIONALITIES & ELEMTENTS Turbine APZK PPC-
Parameter a) Temperature Greece
The Visualization Tool addresses three practical needs| s & Status b) Voltage
1 Continuous, synchronized display of live and c) Current
historical parameter relevant to turbine operatiop & RPM
and ecological impacts. )
§ Tight coupling between sensor data and €) Exciter Voltage
predictive outputs (nowcasts/forecasts angd f) _ Exciter Current
anomaly detection) to support proactive operatgr Well & AP2K PPC-
decisior¥s. ) pportp P Gate a) Water Level Greece
Valve
1 A minimal hardware footprint and modular b) gfergsl:f;‘sor
software stack suited for pilot deployments an@t™ain _ . AP2K PPC-
control rooms. Status a) (DO'?\IS/%'FF) Engine Greece
The VT is a clienside application that runs local .
visualization executable and communicates with fa b)  Exciter (ON/OFF)
lightweight Flask test/data gateway [1] (COR_S enabled c) Turbine (ON/OFF)
where needed [2]). The reference hardware consists of a PC, & D
large TV display, UPS, an AiMouse for notion control, and ) @ﬁ%ﬁg’tors
a lockable orwheels frame for easy deployment.
Local plant telemetry (SCADA/PLC): Gsite PLC e) pl0 (ON/OFF)
tags (temperature, voltage, current, RPM, exciter values) are f)  p20 (ON/OFF)

polled/streamed into the local gateway and exposed to the VT
for the Turbine and Main Status panels. The VT supports site  Graphs are rendered with embedded matplotlib canvases
specific tag mappings sw deep recoding is required when[9] and include interactive cursors for precise time/value
deploying at new plants. inspection with mplcursors. [10] Thresholds are adjustable
Hydro-meteorological forecasts: Inflow and reservoivi a pop ups and i mmediately u
forecasts (e.g., Waterjade) are ingested to inform gate/turbioperators cantune sensitt y on t he f 1l y.
scheduling and risk anticipation.
Water quality & environmental sensors: Streams from
partners (e.g., INO/AIMEN) carry turbidity, dissolved
oxygen, sediment load and biodiversity indices. These feed a
dedicated Water Quality view and can be combined with
Digital Twin outputs for simulation

All inputs are normalized and annotated with
provenance before rendering; this ensures traceability and
confidence estimation for operator decisions.

The VT Ul is organized into three primary tabs:
Turbine, Water Quality, and Maintenance. The interface
prioritizes clarity, rapid situational awareness, and lightweight

interactions suitable for control room contexts.

The Turbine tab contains up to three identical
sub tabs (one per turbine). Each sub tab _ presents six
parameters: Temperature, Voltage, Current, RPM, Exciter Figure 1: Turbine Tab

Voltage and Exciter Current.

For each parameter the Ul exposes: The Water Quality tab uses structured tables and graphs to

display Current Data, Input Data (operator entries), Current
T Real time value and t i nouput anthpigital [Tir2 Quipdt,3all for a consistent set of
hydrological parameteys: erﬁjcj, power, reservair level, river
cljrer:tor)él ert, alert and | Iflor\T/]v,'s dim n%o[ald‘?tar n%qe igncy, V\?at r'teﬁnSepahr% and Y
P ' volume. A weekly rainfall forecast graph provides
f Tendency graph showing recent history (last 2environmental context influencing inflow and sediment
values) with threshold lines and hover tooltipsdynamics.
[9][10] Operator inputs are instrumented with visual status

indicators (green = default/unmodified, red = modified) and

T A clear/acknowledge button and a blinking visuakiored with provenance for subsequent processing.
indicator when thresholds are exceeded:;

T Voice alerts (text to speech) that announce
parameter, turbine number and severity level. [5]

Table 1: Turbine Tab Parameters

Type of Parameters Displayed Responsible | Use Case
Display Partner Applicati
on
Partners
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