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A B S T R A C T   

The requirements for ancillary services in energy systems are growing as the amount of renewable energy sources 
such as solar and wind increases. On the other hand, the system can benefit from extra sources of flexibility 
thanks to the increased digitalization that enables successful integration of demand response and energy storage. 
The majority of recent energy system analysis research did not consider the regulation markets. As a result, these 
investigations preclude the ability to fully evaluate the advantages of energy storage and flexible cooling loads. 
With the method outlined in this paper, it is possible to compare the two strategies and assess the advantages of 
energy storage and flexible cooling loads for each strategy. In addition to the energy storage systems, the case 
study in this paper focuses on flexible cooling loads as a significant consumer in the system. According to the 
findings, the system’s operating costs increased by 19.4% when reserve limitations were placed. Furthermore, 
the findings demonstrated that when flexible assets were permitted to participate in the reserve market, they 
generated significantly higher incomes. According to the findings, mechanisms that will allow energy storage and 
demand response to provide reserve capacities as well as the growth of reserve markets are both necessary.   

1. Introduction 

The necessity for the decarbonisation of energy systems was 
described by the European Union (EU) legislation in [1]. It is clear that 
the decarbonisation of energy systems will impose new challenges and 
will require fundamental changes in the operation of currently existing 
energy systems. Regardless of that, the literature suggests that the new 
challenges can, in fact, represent new opportunities [2] from which all 
stakeholders can benefit. However, in order to find out what is the 
optimal pathway for exploitation of these opportunities, it will be 
required to propose new, more detailed and precise, energy systems 
planning models. Such models can then be used for the evaluation of 
smart services such as smart sector integration analysed in this study. An 
example of benchmarking of such systems was presented in [3]. How
ever, studies will have to consider the grid and the reserve market 
because of the phase-out of coal and gas units, as well as the integration 
of variable renewable energy sources (RES) that will create new con
ditions in the grid and additional requirements for the up and down 
reserve. 

The relevance of the technologies considered in this paper was 
investigated in different literature. For example, the study in [4] sug
gests that flexibility technologies, in particular demand response (DR), 
can result in increased benefits for society. The study also offered a 
support tool for the creation of viable business models for flexibility 
technologies and underlined the necessity of assessing technical impacts 
on the grid, something that was addressed in the present study with the 
observation of the power flows and impacts on different assets (e.g. ESS). 
Moreover, the positive impacts that ESS and flexible loads can have on 
grid reliability are presented in an extensive review in [5], thus further 
underlining the importance of these technologies. When operated 
through an aggregator, flexibility technologies can increase the share of 
renewable energy as pointed out in [6]. Additionally, the introduction of 
flexible technologies can lead to 596.5 GWh reduced peak demand in 
2050 as pointed out in [7]. Flexible loads can be a basis for the design of 
a DR strategy for island microgrid operation as indicated in [8]. 

Additional benefits in terms of GHG emissions reduction when 
flexibility technologies are introduced in the grid were presented in [9]. 
The study found that introducing flexible loads reduced the GHG 
emissions from 1327.8 tCO2 to 1316.7 tCO2 with 10% PV penetration, 

* Corresponding author. 
E-mail address: mmimica@fsb.hr (M. Mimica).  

Contents lists available at ScienceDirect 

Energy Conversion and Management 

journal homepage: www.elsevier.com/locate/enconman 

https://doi.org/10.1016/j.enconman.2023.117005    

mailto:mmimica@fsb.hr
www.sciencedirect.com/science/journal/01968904
https://www.elsevier.com/locate/enconman
https://doi.org/10.1016/j.enconman.2023.117005
https://doi.org/10.1016/j.enconman.2023.117005
https://doi.org/10.1016/j.enconman.2023.117005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2023.117005&domain=pdf


Energy Conversion and Management 286 (2023) 117005

2

and from 1261 tCO2 to 1241.1 tCO2 for 20% PV penetration. Moreover, 
the study showed that the introduction of flexible loads lead to a 45% 
reduction in PV curtailment for 20% PV penetration. The authors in [10] 
introduced a model predictive control model for the control of thermal 
loads and showed that the smart control of the flexible cooling loads led 
to 28% more affordable energy. Other studies investigate possibilities 
for modelling DR, such as one in [11] where authors presented a soft- 
linking approach of demand response and energy system model. The 
outlined results from the aforementioned studies showed the importance 
of investigating the impact of ESS and flexible loads in different market 
settings and this paper offers an additional view by considering energy 
as well as reserve markets. 

The operation of the systems with high RES share is widely analysed 
in the literature. The pathway for the decarbonisation of South-East 
Europe was presented in [12]. The United Kingdom (UK) power sys
tem was modelled in [13], where the authors conducted the analysis for 
different time resolutions and concluded that the systems with high RES 
shares should be modelled on a finer timestep than on a one-hour 
timestep. Different energy planning tools were developed for the anal
ysis of the energy systems. EnergyPLAN was used for the analyses of the 
Korčula energy system in [14], where the authors proposed a system 
with a 22 MW wind and 30 MW solar mix. Similarly, a renewable energy 
system of the Åland Islands with 100% renewable production was pre
sented in [15]. The coupling of the load flow and Markal model was 
presented in [16] and the results showed a 21% maximum line overload 
when a 100 MW of wind power was integrated into the system. The 
study in [17] showed that it would be optimal to devise between the 
capacity and volumetric tariffs as a pricing strategy for the energy 
storage system. A multi-sectoral modelling approach in [18] showed the 
importance of detailed spatio-temporal modelling in comparison to the 
one-point energy models with hourly time resolution. Although the 
developed studies offered significant improvements in the energy 
planning process, they did not model the reserve market or considered 
reserve constraints. 

From the stated literature it can be seen that a significant area of 
research in recent years has been the integration of RES into energy 
systems. The output variability of RES poses one of the largest obstacles 
to their integration since it might cause grid supply and demand im
balances. Researchers have suggested many approaches to deal with this 
problem, such as the usage of flexible loads, DR, and energy storage 
devices. Electric vehicles, electric water heaters, air conditioners and 

home appliances are examples of flexible loads that may be managed to 
modify their usage in response to variations in the supply of renewable 
energy [19]. The review of ESS and DR solutions presented in [20] 
outlines the wide possibilities for use of flexible technologies for the 
improvement of the energy system operation. 

Xu and Hu in [21], for instance, suggested a control method for 
electric vehicles that can modify their charging and discharging patterns 
depending on the availability of renewable energy. They demonstrated 
how this approach together with the installation of PV plant can cut 
down the operation cost of the commercial building between 82.2% and 
83.3% depending on the risk aversion factor. The study presented in 
[22] showed how the integration of an energy storage system and 
flexible load in the energy system of a small island can reduce the risk of 
the system’s operation. The study showed that the integration of PV, ESS 
and desalination plant as a flexible load can reduce the risk of energy 
system operation by 54.7%. The study in [23] showed that the smart 
cross-sector integration of electric ferries can lead to 30% less annual 
operation cost reduction of the small isolated energy system. The im
pacts of energy storage on the flexibility index defined in [24] were 
observed for the active distribution network with the conclusion that the 
index improved between 18% and 43% depending on the period of the 
day. The implementation of such advanced technologies requires data- 
driven algorithms which are already in use as outlined and demon
strated in [25], thus further indicating the necessity and possibilities for 
the use of flexible loads in the operation of energy systems. This is also 
underlined in [26] where it was demonstrated that improvements of up 
to 26% can be achieved if linear quadratic Gaussian control is imple
mented for the indoor thermal regulation of the buildings. The outlined 
studies indicated the benefits of data exploitation for the operation of 
smart energy systems and flexible technologies. However, the question 
regarding the additional benefits that would be created if these tech
nologies would be able to provide ancillary and balancing services [27] 
through a market framework still remains. 

The Dispa-SET tool used in [28] has the possibility to account for the 
reserve requirements. The results of the study showed that the power 
system of Western Europe can increase its renewable production by 29% 
by 2030. The reserve saturation incorporated in the DC OPF model was 
considered in [29] for the analysis of optimal system operation and 
reserve allocation. The concept of joint energy and reserve formulation 
was given in [30], although flexible loads and battery storage systems 
were left out. The analysis of the system’s ideal operation with the 

Nomenclature 

Variables 
pG

i,t Controllable generator output [MW] 
LSi,t Load shedding [MW] 
pcurt

i,t Curtailment [MW] 
pij,t Power flow 
pd

i,t ,pc
i,t Discharge and charge output from/to the ESS [MW] 

soci,t Battery system state-of-charge [MWh] 
pdrr

i,t ,pdr
i,t Flexible load activation [MW] 

δi,t Voltage angle [rad] 
yi,t ,ui,t Binary variables 
rUP
i,t , rDO

i,t Up and down reserve [MW] 
λi,t The dual variable of the power balance equation [€/MWh] 
μUP

t ,μDO
t Dual variable of up and down reserve requirements 

equation 

Parameters/notations 
bi Energy production marginal cost [€/MWh] 
VOLL lost load value [€/MWh] 

CE Curtailed energy [€/MWh] 
Pmin

i ,Pmax
i Min and max generator power [MW] 

RUi,RDi Ramp-up and ramp-down of the generator [MW] 
ΛW

i,t ,Λ
S
i,t Wind and PV maximum possible production [MW] 

Pmax
ij Maximum power flow [MW] 

ηc
i ,ηd

i Battery system efficiencies 
SOCmin

i ,SOCmax
i Battery system min and max state-of-charge [MWh] 

Pc− MAX
i ,Pd− MAX

i Battery system max discharge and charge [MW] 
DRmax

i,t ,DRRmax
i,t Flexible load minimum and maximum [MW] 

bUP
i ,bDO

i The marginal cost of the reserve [€/MWh] 
JUP

L ,JDO
L Reserve requirements parameters for demand 

JUP
W ,JDO

W Reserve requirements parameters for wind 
JUP

PV ,JDO
PV Reserve requirements parameters for PV 

RUP− MIN
i ,RUP− MAX

i Generators min and max up reserve values [MW] 
RDO− MIN

i ,RDO− MAX
i Generators min and max down reserve values 
[MW] 

RESS
i ,RDR

i Battery storage and flexible cooling sector load revenues 
[€] 

IESS
i , IDR

i Incomes of ESS and flexible cooling loads  
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reserve market was done in [31] and the authors concluded that adding 
50 electric vehicles to the system operation resulted in the lowest cost. 
However, none of these studies focused on the cooling sector and power 
sector integration. Our study demonstrates the benefits of such smart 
integration in both environments – energy-only environment and joint 
energy and reserve environment. 

The main contributions of this study are:  

• The mathematical models of flexibility providers that include battery 
storage and flexible loads in the cooling sectors were presented and 
included in the joint energy and reserve optimization model  

• A comparative analysis of two network-constrained optimization 
models was presented 

• The analysis of smart cross-sector and battery storage system inte
gration of cooling and power system was presented as well as the 
battery storage system integration 

• The study quantified the benefits of creating frameworks that stim
ulate the participation of flexible assets in reserve markets 

2. Materials and methods 

In this section, a general method overview is provided as well as the 
mathematical description of the used model and analysed problem. A 
method for solving the problem is also presented. 

2.1. General 

The methodology used in this study makes it possible to assess the 
performance of the coupling between the smart cooling and electricity 
sectors as well as the impacts of ESS integration. The suggested approach 
allows flexible cooling loads to modify their consumption and supply the 
power sector with a DR. This is ensured by the phrasing of the optimi
zation problem below. The suggested solution also contains two alter
natives, one with and one without a model for the reserve market. The 
reserve market was added so that the joint operation of the energy and 
reserve markets is included in the proposed mathematical problem. With 
the application of such a method, sector coupling in the system may be 
evaluated with and without reserve consideration. 

The analysed problem considered that there is a high share of RES in 
the system. This means that the closed system without the possibility for 
import and export is considered. Because the surrounding systems of the 
system observed in the paper are considered to have a large share of RES 
and similar RES production, the exchange of electricity was not 
modelled. 

The analysed system forms its own day-ahead electric energy and 
reserve market. It is presumptively true that the marginal cost of 

production and reserves is the same as the market clearing price. Market 
clearing is carried out at 15-minute intervals. The day-ahead electric 
energy market is cleared individually for each node in the system, but 
the day-ahead reserve market is cleared together with the energy mar
ket. With only energy dispatch in the first example and energy and 
reserve dispatch in the second, the methodology thus presents a 
network-constrained, market-clearing model. The study’s main goal is to 
examine how the cooling and power sector are coupled and how that 
coupling affects both instances with and without a reserve market in 
addition to examining the impacts of ESS integration The transmission 
system operators (TSOs) use the study’s formulation of the optimal 
power flow problem—often referred to as the DC OPF model—to anal
yse the transmission system thoroughly. The TSO is also assumed to be 
familiar with the equation-related parameters. 

2.2. Modelling the energy system without the reserve requirements 

The problem formulation of the energy-only model is given with the 
equations (1) – (17). By taking into account the marginal costs of output 
from all production units and the marginal costs of flexibility providers, 
the objective of the optimization problem is to reduce the overall 
operating costs of the system. Additionally, the function penalizes en
ergy curtailment with the third term in equation (1) as well as load 
shedding given with the second term in equation (1). 

minf = min
∑

t∈ΩT

(
∑

i∈ΩG

pG
i,t⋅bi +

∑

i∈ΩL

LSi,t⋅VOLL +
∑

i∈(ΩPV∪ΩW)

CE⋅pcurt
i,t

)

⋅Δt (1) 

In the DC OPF, the quotient of voltage angle difference and reactance 
between the two nodes determine the power flow between the two 
nodes i and j as in equation (2). This equation is a direct consequence of 
the assumption that the difference between the two angles is small 
enough so that it can be represented with linear expression. This can be 
assumed because of the physical characteristics of the transmission 
system where the reactance is significantly higher than the resistance. 
Equation (3) presents the power balancing equation, which takes into 
account all production and storage facilities as well as all non-flexible 
and flexible loads that are present in the cooling sector for each node 
in the system. The marginal cost of production in the observed system is 
represented by the dual variable λi,t in equation (3). 

pij,t =
δi,t − δj,t

Xij
(2)  

pG
i,t + pPV

i,t + pW
i,t + pd

i,t − pc
i,t + pdrr

i,t − pdr
i,t − Li,t =

∑

j∈Ω∈

pij,t : λi,t (3) 

Fig. 1. The transmission system analysed in the study – black colour is 110 kV level, green 220 kV and red 400 kV.  
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Equations (4) – (6) define the operation of the controllable genera
tors. The minimum and maximum output as well as the maximum up 
and down ramping capabilities of the controlled generators represent its 
limits. Equations (5) and (6) prevent the change in maximum output 
between two consecutive periods, thus considering the technical con
straints of the generators and making the model more realistic. 

Pmin
i ≤ pG

i,t ≤ Pmax
i (4)  

pG
i,t+1 − pG

i,t ≤ RUi (5)  

pG
i,t− 1 − pG

i,t ≤ RDi (6) 

The entire wind and PV power production as determined by equa
tions (7) and (8) must equal the sum of the generation and curtailment 
from PV and wind power facilities. Since the model penalizes the 
curtailment (see equation (1)), it will prefer to dispatch all available 
renewables. However, this is not always possible due to the transmission 
system constraints so a curtailment variable has to be introduced in 
order to reflect on the realistic situation in the grid. 

pW
i,t + pW,curt

i,t ≤ ΛW
i,t (7)  

pPV
i,t + pPV,curt

i,t ≤ ΛPV
i,t (8) 

The difference in voltage angles is defined with minimum and 
maximum values in (9), while the line thermal limits are given in (10). 
Line thermal limits are defined with the maximum current and repre
sented as the maximum capacity according to the voltage level of the 
line. If the two nodes are primary and secondary sides of the transformer 
then the maximum capacity is equal to the nominal power of the 
transformer. 

−
π
2
≤ δij,t ≤

π
2

(9)  

− Pmax
ij ≤ pij,t ≤ Pmax

ij (10) 

The battery energy storage behaviour is modelled with (11) – (14). 
Equation (11) describes the state-of-the-charge (SOC) of the battery with 
minimum and maximum limits modelled with (12). The limits for SOC 
are set in order to reduce the degradation effect of the battery. Maximum 

discharging and charging values are given with (13) and (14). Simul
taneous charging and discharging of the battery storage is prevented by 
introducing the binary variable in (13) and (14). The model also con
siders charging and discharging efficiency as can be observed in (11). 

soci,t = soci,t− 1 +

(

pc
i,t⋅ηc

i −
pd

i,t

ηd
i

)

⋅Δt (11)  

SOCmin
i ≤ soci,t ≤ SOCmax

i (12)  

pd
i,t ≤ Pd− MAX

i ⋅yi,t (13)  

pc
i,t ≤ Pc− MAX

i ⋅
(
1 − yi,t

)
(14) 

The mathematical model for flexible loads in the cooling sector is 
provided with (15) – (17). The maximum load reduction cannot be 
higher than the existing cooling demand (15). Similarly, the maximum 
cooling load increase cannot be higher than the existing cooling flexi
bility potential (16). The cooling load cannot be simultaneously 
increased and decreased which is modelled by the introduction of the 
binary variable in equations (15) and (16). Finally, the cooling energy 
has to be preserved which is assured with equation (17). 

pdr
i,t ≤ DRmax

i,t ⋅ui,t (15)  

pdrr
i,t ≤ DRRmax

i,t ⋅
(
1 − ui,t

)
(16)  

∑

t∈ΩT

pdr
i,t =

∑

t∈ΩT

pdrr
i,t (17)  

2.3. Joint energy and reserve market modelling 

The objective function of the joint energy and reserve market prob
lem had to be changed in comparison to the energy-only model and is 
represented in (18). In addition to equation (1), the reserve marginal 
costs are included in (18). Moreover, equation (18) includes a bidding 
strategy for the cooling flexible loads that increase the cost of reserve 
provision by sector coupling in case of higher demand in the system 
similarly as in [32]. 

Table 1 
Connection data regarding the production units.  

Unit Pmin [MW] Pmax [MW] RU [MW] RD [MW] Bus 

G1  10.0  35.0  17.0 17 1 
G2  3.0  12.0  7.0 7 8 
G3  2.0  10.0  6.0 6 9 
G4  2.0  6.0  3.0 3 12 
G5  2.0  10.0  6.0 6 3 
G6  2.0  9.0  5.0 5 2 
WP1  0.0  12.0  – – 1 
WP2  0.0  14.0  – – 8 
PV1  0.0  4.0  – – 2 
PV2  0.0  4.0  – – 3 
PV3  0.0  6.0  – – 5 
PV4  0.0  6.0  – – 6 
PV5  0.0  4.0  – – 7 
PV6  0.0  5.0  – – 10 
PV7  0.0  3.0  – – 11  

Table 2 
Energy storage system data.   

SOC0 [MWh] SOCmin [MWh] SOCmax [MWh] Pc
max [MW] Pd

max [MW] ηd ηc Node 

ESS1  4.0  0.80  7.20  8.0  8.0  0.97  0.98 1 
ESS2  4.0  0.80  7.20  8.0  8.0  0.97  0.98 12  
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minf = min
∑

t∈ΩT

[
∑

i∈ΩG

pG
i,t⋅b

G
i +

∑

i∈ΩL

LSi⋅VOLL +
∑

i∈(ΩPV∪ΩW)

CE⋅pcurt
i,t

+
∑

i∈ΩFL

rDRR,UP
i,t ⋅bDRR,UP

i +

(
∑

i∈ΩG

rG,UP
i,t ⋅bG,UP

i +
∑

i∈ΩESS

rd,UP
i,t ⋅bd,UP

i

)(

1

+
Li,t

LMAX
i

)

+
∑

i∈ΩFL

rDR,DO
i,t ⋅bDR,DO

i +

(
∑

i∈ΩG

rG,DO
i,t ⋅bG,DO

i

+
∑

i∈ΩESS

rc,DO
i,t ⋅bc,DO

i

)(

1 +
Li,t

LMAX
i

)]

⋅Δt

(18) 

Equations (19) and (20) present the requirements for up and down 
reserve, respectively. Controllable generators, ESS, and flexible loads in 
the cooling sector can all offer the reserve. The system demand and the 
share of RES in the system both affect the reserve requirements. The 
marginal cost of reserve allocation is represented by the dual variables 
μUP

t and μDO
t for up and down reserve respectively. 

∑

i∈ΩG

rG,UP
i,t +

∑

i∈ΩESS

rd,UP
i,t +

∑

i∈ΩFL

rdrr,UP
i,t ≥ JUP

L

∑

i∈ΩL

Li,t + JUP
W

∑

i∈ΩW

pW
i,t + JUP

PV

∑

i∈ΩPV

pPV
i,t

: μUP
t

(19)  
∑

i∈ΩG

rG,DO
i,t +

∑

i∈ΩESS

rc,DO
i,t +

∑

i∈ΩFL

rdr,DO
i,t ≥ JDO

L

∑

i∈ΩL

Li,t + JDO
W

∑

i∈ΩW

pW
i,t + JDO

PV

∑

i∈ΩPV

pPV
i,t

: μDO
t

(20) 

The reserve constraints for controllable generators are provided with 
(21) – (24). The maximum up reserve cannot be higher than the dif
ference between the maximum generator output and activated output 
(21). Similarly, for the down reserve in (23), the maximum down reserve 
cannot be higher than the difference between the generator output and 
the minimum generator output. Up and down reserve variables are also 
constrained with the maximum and minimum possible reserve alloca
tion as in (22) and (24). 

rUP
i,t ≤ Pmax

i − pG
i,t (21)  

RUP− MIN
i ≤ rG,UP

i,t ≤ RUP− MAX
i (22)  

rDO
i,t ≤ pG

i,t − Pmin
i (23)  

RDO− MIN
i ≤ rG,DO

i,t ≤ RDO− MAX
i (24) 

The reserve constraints for the battery storage system are given with 
(25) and (26). Similar to the generators, the up and down reserve cannot 
be higher than the available output reduced by the dispatched dis
charging or charging value. Since the energy storage depends on the 
SOC, it is necessary to write equations (25) and (26) accordingly. 
Additionally, up and down reserve from the energy storage is con
strained with the maximum discharge (27) and maximum charge (28) 
values respectively. 

rd,UP
i,t ≤

SOCmax
i − soci,t− 1

Δt
−

pd
i,t

ηd
i

(25)  

rc,DO
i,t ≤

soci,t− 1 − SOCmin
i

Δt
− ηc

i • pc
i,t (26)  

rd,UP
i,t ≤ Pd− MAX

i (27)  

rc,DO
i,t ≤ Pc− MAX

i (28) 

The mathematical model for allocating reserve by the flexible load in 
the cooling sector is provided with (29) and (30). The reserve allocation 

variables cannot exceed the available flexible loads deducted for the 
dispatched value of DR retrieval and the DR as formulated in these 
equations. 

rdrr,UP
i,t ≤ DRRmax

i,t − pdrr
i,t (29)  

rdr,DO
i,t ≤ DRmax

i,t − pdr
i,t (30) 

The incomes for the cooling sector flexibility loads as well as for 
battery storage systems are provided with (31) and (32). The incomes 
are equal to the product of marginal energy cost and discharged energy 
(reduced load for flexible loads) reduced by charged energy (increased 
load for flexible loads) and summed with the provided reserve capacities 
multiplied by the marginal cost of reserve provision. These equations 
assume that the bids of the flexible loads and battery storage system are 
equal to the marginal cost of energy and reserve as is often the case [33]. 

IESS
i =

∑

t∈ΩT

Δt⋅
[
λi,t

(
pd

i,t − pc
i,t

)
+ μUP

i,t ⋅rd,UP
i,t + μDO

i,t ⋅rc,DO
i,t

]
(31)  

IESS
i =

∑

t∈ΩT

Δt⋅
[
λi,t

(
pd

i,t − pc
i,t

)
+ μUP

i,t ⋅rd,UP
i,t + μDO

i,t ⋅rc,DO
i,t

]
(32)  

2.4. Case study 

The case study was conducted on the grid consisting of 13 nodes 
presented in Fig. 1. Xij values in Fig. 1 denote the reactance between the 
two nodes, and Pijmax denotes the maximum transmission capacity be
tween the two nodes in the grid that depends on the thermal limitations 
of the equipment. The grid includes a 110, 220 and 400 kV network. 
Node 1 is considered to be a swing bus that maintains stable conditions 
in the grid. Wind power plants, battery energy storage systems, con
ventional generators, loads and flexible cooling loads are connected to 
the nodes in the grid. Flexible cooling loads are connected in nodes 4, 5, 
10 and 11 and their maximum value is equal to the 10%, 12%, 11% and 
10% of the maximum load at the node they are connected to respec
tively. The marginal cost of flexible loads for the upper reserve is set to 
30 €/MWh and for the down reserve to 55 €/MWh. The optimization 
problem was solved in the 15-minute period with the data regarding 
demand available in [34], while the renewable energy available po
tential was taken from [18]. The data regarding the marginal costs were 
obtained from [35–37], while the reserve requirements were derived 
from [38]. The data about the grid – the reactance, the line length and 
the maximum power flow between the nodes were taken from [39]. The 
considered part of the grid belongs to the Croatian power system grid 
and includes part of the transmission grid connected to the Melina 
substation near the city of Rijeka. The data corresponds to the state from 

Fig. 2. Input data for variable renewable production and demand (as current 
value divided by the maximum value). 
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the year 2018. The data for production units is given in Table 1 and for 
ESS in Table 2. 

The time-related data for each 15-min period is given in Fig. 2 as a 
ratio between the available production potential and installed capacity 
(for wind and PV plant) and the ratio between current load value and 
maximum load value (for demand). The chosen characteristic day rep
resents different situations of RES production and demand – (i) during 
the night and morning, there is low demand and high wind production; 
(ii) during mid-day there is a high production from both, wind and PV, 
together with medium demand; (iii) during the late afternoon there is a 

lower wind production, with minimum or no PV production and peak 
demand. 

The two main scenarios were analysed in this study. Scenario A 
considers the model without the reserve market and scenario B considers 
the model with joint operation of energy and reserve market. Both 
scenarios consider network-constrained models implemented in form of 
DC OPF. 

Fig. 3. The marginal cost of electricity production (λA and λB) for both scenarios and the reserve provision (μUP and μDO).  

Fig. 4. Energy balance for scenario A – an energy-only model where Pg represents production from the generator, Pd and Pc discharging and charging from the 
energy storage system, DR and DRR demand response and demand response retrieval from flexible loads. 
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3. Results 

The study’s main findings are presented in this section. The two 
primary comparison scenarios are the scenarios where cross-sector and 
ESS integration was performed for the energy-only model and the model 
that took into consideration the joint management of the energy and 
reserve market. The findings indicated that the system’s operating 

expenses for the energy-only model were 61 023 euros, whereas they 
were 72 856.5 euros for the joint energy and reserve model. This 
outcome was anticipated since the reserve restrictions impose additional 
costs for system operation. The supply of such services will represent 
additional revenue for the stakeholders who provide them, therefore this 
points to the necessity for a more thorough modelling of energy systems 
that will have to take that into account. This was taken into account in 

Fig. 5. Reserve allocation in the system where G4 represents the reserve provision from the generator, ESS reserve provision from the corresponding battery storage 
system and FL reserve provision from the corresponding flexible load (UP – up reserve; DO – down reserve). 

Fig. 6. The difference in voltage angle between nodes i and j (i → j) in Scenario A and Scenario B.  
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this paper by using the combined energy and reserve model, although 
other models can also be used (e.g. different fixed or variable incentive 
schemes). Moreover, further investigation of such services will unlock 
the potential and create a new business model for flexibility providers 
including smart sector integration solutions. 

Fig. 3 also shows the effects of different modelling approaches for the 
cross-system integration of ESS and the cooling and power system. 
Marginal costs were equal at each node because the system had no 
congestion. The marginal costs for producing power and allocating re
serves are shown in Fig. 3. The marginal cost of the down reserve is 
clearly larger than the cost of the up reserve, reaching a maximum of 
31.6 €/MWh. This is a predictable outcome given that the flexible loads 
in the cooling sector brought down the reserve while the upper reserve 
was primarily supported by battery systems or traditional generators. 
When the cooling sector provided flexibility, comfort is lowered, making 
this a more expensive source of the reserve. 

Fig. 4 represents the difference in energy balance between scenario B 
and scenario A. It can be seen that the values of the DR and DRR have 
decreased for every time step. This means that their participation in the 
energy balance of the system has significantly been reduced. However, 
this is expected because, for scenario B with reserve requirements 
included, their participation is required in the reserve allocation. This 
can be observed in Fig. 5 which shows reserve allocation. 

Significant changes in the operation of ESS can also be observed in 
Fig. 4 where discharge (red) and charge (blue) energy for 15-minute 
intervals can be seen. The participation of the ESS in the reserve allo
cation is also required for scenario B, thus its participation in the energy 
balance is also different than for scenario A. However, at certain periods 
the charging and discharging of the battery are increased for scenario B 
(e.g. charging increased from 15:00 to 16:15 in order to compensate for 
the load reduction caused by decreased DRR). The conventional gen
erators were used to cover the reduced values of DR and ESS discharge 
that are used for reserve provision in scenario B. 

The reserve allocation for scenario B is presented in Fig. 5, where it 
can be observed that the flexible loads were mostly used for the down 
reserve. Most of the reserve requirements are met with the ESS units, 
which is expected because of the low marginal cost for reserve provision. 
Such operation is more beneficial for the ESS because lower activation of 
the ESS reduces battery degradation. Peak values of down reserve re
quirements are covered with the cooling flexible loads which lead to
ward a higher marginal cost of reserve visible in Fig. 3. 

Another interesting observation of the changes between the two 
modelling approaches is presented in Fig. 6 which presents the 

difference in voltage angle change between connected nodes in the 
system. In the defined model, a power flow Pij between two connected 
nodes i and j are determined with the voltage angle difference between 
these nodes δi − δj and reactance between these nodes Xij as shown in 
equation (2). Thus, Fig. 6 presents the change that occurred in voltage 
angle difference when scenario A is considered in comparison to sce
nario B. It can be seen that the change in the voltage angle difference 
occurred for all nodes in the system. This means that the different 
modelling approaches had a significant impact on the power flows in the 
system, which is in correlation with the changes in the system balance 
(Fig. 4) and ESS operation (Fig. 7). 

However, the change is less expressed for part of the grid that 
included less flexible cooling loads and ESS and that are less inter
connected with the rest of the grid (the zone between nodes 2,3 and 4). 
This can be seen for example between nodes 2 and 3 where the changes 
are less expressed. The highest difference occurred between nodes 1 and 
5 with maximum differences reaching 0.73◦ and − 1◦. This is due to the 
fact that node 1 is a swing node with the highest controllable generator 
capacities (their behaviour also changes for different scenarios) and with 
installed ESS, while node 5 includes flexible loads. It can be also seen 
that significant changes are visible for the zone with a high share of 
flexible cooling loads and ESS (between nodes 9, 10, 11, 12 and 13). 
Changes in voltage angle difference between nodes without controllable 
technologies (but well interconnected with the rest of the system, such 
as between nodes 6 and 7) are a consequence of changes in the con
nected part of the system. These results indicate that different modelling 
approaches change the power flow in the system. 

The effects of different modelling approaches between scenario A 
(where only energy constraints are included) and scenario B (where 
energy and reserve market constraints were included) can also be 
observed through the operation of ESS. Fig. 7 shows the differences in 
the ESS operation in node 1 (Fig. 7 (a)) and node 12 (Fig. 7 (b)). The 
dashed blue line represents the SOC of the ESS for scenario A, while all 
other values present storage activity for scenario B. The change in the 
ESS SOC between scenario A and scenario B reflects the impact that 

Fig. 7. ESS operation in node 1 (a) and 12 (b) for scenario B (red line and bars) and scenario A (dashed blue line) where SOC is given in MWh and charge (Pc) and 
discharge (Pd) values as well as reserve values in MW. 

Table 3 
Total revenues for the flexible cooling loads and energy storage in the system for 
different scenarios.   

Scenario A Scenario B 

Total revenue for ESS [€]  111.96  2502.86 
Total revenue for flexible loads [€]  46.07  1023.69  
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different modelling approaches have on the operation of the assets in the 
system. Both ESS extensively participated in providing reserve capac
ities for up and down reserve which is also visible in Fig. 5. This resulted 
in significant revenues for ESS as shown further in the paper. The reason 
for this is mainly the low marginal cost of reserve capacity provision 
from the ESS. 

The smart integration of the cooling and power sector as well as the 
integration of the ESS leads to increased revenues for the cooling sector 
flexibility providers and ESS. The revenues differentiate for scenarios A 
and B and are shown in Table 3. The revenues for scenario B are 
significantly higher because the flexible assets have an additional mar
ket to participate in. The revenues for flexible assets in the energy 
market are solely achieved based on the difference in the marginal cost 
of energy. On the other hand, on the reserve market in scenario B, the 
revenues are achieved from direct reserve provision, thus achieving 
much higher revenues. 

The spatially-distributed DC OPF model used in this study enabled to 
observe the revenues for consumers at different nodes as presented in 
Fig. 8. It can be seen that the highest revenues were achieved at nodes 
with the ESS and that the nodes with higher availability of flexible loads 
result in higher incomes. Fig. 8 also demonstrates the benefits and 
importance of spatial distribution when energy systems are considered 
because it can be seen that results depend on the location in the observed 
system. 

Future research will be oriented towards the inclusion of other sec
tors in the energy planning model. Moreover, other forms of reserve 
allocation as well as activation reimbursement will be considered. The 
impact of smart sector integration will also need to be investigated in the 
environment with the increased share of different flexibility 
technologies. 

4. Discussion 

This paper aimed to provide a framework for the comparison of 
different energy modelling approaches that quantify the impact of the 
flexible cooling loads and ESS on the system. The three key results can be 
outlined in this study. First, enabling flexible assets – flexible cooling 
loads and ESS – the participation in the reserve market, in addition to the 
energy market, resulted in significant income increases for these assets. 
Second, different modelling approaches resulted in a change in the 

operation of all controllable assets in the system which is observed 
through a change in the voltage angle difference as well as energy and 
reserve system balance. Third, the development of a regulatory frame
work that includes observed flexibility assets in the reserve markets 
would improve the feasibility of such technologies which would lead 
towards increased flexibility in the energy system (e.g. through aggre
gators and energy communities) and accelerate the green energy 
transition. 

To the best of the authors’ knowledge, the most recent study that 
investigates the impact of reserve market modelling is provided in [40] 
where the authors propose a locational regulation pricing. Similarly to 
this study, the authors in [40] found that the inclusion of the reserve or 
regulation requirements resulted in almost double revenue for the 
generators and a more than 10 times increase in profit for the generators 
that provide regulation services (from 43.8 $ in one case to the 439.1 $ 
in the other case). However, the difference is that in our paper we enable 
energy storage systems and flexible cooling loads to participate in the 
reserve market, while in the referenced study, only the generators could 
participate in the regulation market. Another important difference be
tween the studies is that our study considers reserve as a system-wide 
requirement, while aforementioned study considered it as a locally 
defined value. 

The benefits of the proposed spatially distributed approach were also 
demonstrated in this paper as the results indicate that the same assets 
behave differently and achieve different revenues depending on their 
location in the system. This is often overlooked in the literature by 
making an assumption that all assets are aggregated in one node. 
However, this can be justified if the method is suitable for small-scale 
applications such as for OSeMOSYS model [41]. The benefits of 
detailed spatio-temporal modelling were, in fact, demonstrated in [18]. 
However, that study developed a different, soft-linking approach, to 
account for the effects in the grid. Additionally, the results of this study 
are relevant to urban areas and the hydrogen economy, especially in 
high RES energy systems. For example, the inclusion of “hydrogen city” 
models presented in [42] in the reserve markets would positively impact 
the economical results of such a concept as well as improve the exergy- 
based parameters. Similar would be the case for the integration of en
ergy communities supported by the hydrogen as outlined in [43]. 

One could argue that the various reserve needs set by different sys
tem operators could impact the study’s conclusions. Although this is a 

Fig. 8. ESS and flexible loads revenues in different nodes of the observed grid and for Scenarios A and B.  
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valid point, there are at least two factors why it has no bearing on the 
study’s main takeaway. First off, because the parameters describing 
the reserve needs are flexible, the suggested approach can be used for 
any transmission zone. Second, in the investigated situation, the reserve 
needs were adjusted at a low level. Higher reserve values will only boost 
market income for reserve provision, underscoring the study’s conclu
sions. With ESS and flexible cooling loads serving as substantial reserve 
suppliers, it can be argued that the energy system would function 
similarly under various reserve needs. 

There are a number of limitations of the work presented in this study. 
Although up and down reserves were discussed in this study, other types 
of ancillary services were not taken into account. Moreover, other 
markets such as balancing markets were also not included. The future 
energy system is also anticipated to be very integrated. This implies that 
the integration of a power system with transportation, heating, water 
systems, etc., will result in new ways of flexibility. As a result, a variety 
of stakeholders will have the option to provide reserves. A more intricate 
model would be needed to reflect these stakeholders. Additionally, the 
study did not consider additional benefits gained from other goods (e.g. 
Heat or hydrogen produced from Power-to-X technologies), however 
this would only result in additional benefits for the flexibility providers. 

Finally, this research contributes to the knowledge of the signifi
cance of innovative technologies in emerging smart energy systems. The 
research emphasizes the significance of establishing a suitable mecha
nism for the inclusion of citizens end users in the day-ahead electric 
energy and reserve markets and developing more precise models for the 
energy and power systems. 

5. Conclusion 

The analysis of energy storage integration and smart cross-sector 
integration of the cooling and electricity sector was done using a new 
method that was provided in this research. Two network-constrained 
models were used in the method; (i) one was used to analyse the en
ergy system without taking into account reserve requirements, and the 
other (ii) to examine the impacts of incorporating flexibility into the 
joint energy and reserve model. The results of the study showed that:  

• By enabling smart cross-sector integration, the flexibility providers 
achieved additional revenue. The revenue for the flexible cooling 
loads was 1023.7 € when they were able to provide the reserve which 
indicates the need to develop market and regulatory mechanisms 
that enable such features. The revenue for energy storage systems in 
this case was even higher and amounted to 2502.9 €.  

• The cost of the down reserve allocation reached the maximum value 
of 31.6 €/MW, which was significantly higher in comparison to the 
up reserve. This indicates that the high RES systems will require 
higher down reserve capacities or will have to curtail energy 
production.  

• Finally, the regulation market modelling caused changes in the 
power flow parameters of the system, affecting the operation of 
generators, battery systems and cooling flexibility providers. 

The findings suggest that, in order to accurately propose regulatory 
and financial frameworks for future smart energy systems, detailed 
spatiotemporal energy system models will need to be created. These 
models will also need to incorporate advanced features of flexibility 
provision. Additionally, the outcomes demonstrate the potential of en
ergy transition and how it may be applied to raise society’s general level 
of social welfare. 
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