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A B S T R A C T   

Small Islands usually rely on fossil fuels for their energy supply and face common challenges such as high energy 
costs and carbon dioxide emissions. For these reasons they represent interesting cases for analysing the transition 
towards a clean and secure energy system. Nevertheless, integrating non-dispatchable Renewable Energy Sources 
in the power grid causes stability issues and this is particularly true for island grids. Such issue is not fully 
considered in long-term energy planning; indeed, an important factor that should be considered in order to 
ensure the reliability of the grid are Reserves. There are different types of Reserves depending on the reac
tiveness/response time and the duration of the service. In this paper, primary and secondary reserves have been 
analysed in order to plan the long-term energy transition of the small island of Favignana, Italy by means of the 
new version of H2RES, a Linear Programming single-objective optimisation model able to provide a long-term 
capacity investment and dispatching optimisation. It has been found that biomass generators are favoured to 
both photovoltaic and wind turbines for their ability to provide reserves and also decrease the unpredictability of 
the supply. Batteries and Electrolysers are also used mostly for reserve provision.   

1. Introduction 

Even though the World economy is facing a global crisis [1], the 
process towards a decarbonised energy system is steadily proceeding 
[2]. Clean technologies investment are increasing and as such the share 
of renewable energy sources (RES) is increasing too [3]. European 
Countries have decided to invest heavily on renewables and are 
committed to be the first ones to reach carbon-neutrality [4] even more 
so after the recent energy crisis due to a sudden increase of fossil fuels 
prices [5], especially gas in the case of Europe [6], but this was also the 
case of coal that hit the economies of India and China [7]. The unex
pected increase in fossil fuels cost, as well as the realisation of the 
vulnerability caused by energy dependence to foreign nations, has had 
the same effect that Carbon taxation might have had thus boosting even 
more investments in RES technologies [8] and the shift to a new age of 
clean technology manufacturing [9]. 

In this situation, islands offer an ideal environment to test innovative 
strategies aiming at providing essential clues and insights for the 

scalability and replicability of such solutions [10]. This is particularly 
true in the case of small islands, that most times have power grids 
strongly reliant on fossil fuels [11] that due to low systems inertia and 
stability issues [12] lead to energy costs much higher than those on the 
mainland [13] as well as extremely high greenhouse gas (GHG) emis
sions [14]. Moreover, small islands also suffer from the smaller oppor
tunities for geographical diversification of sources thus all plants 
installed on the island suffer the same weather conditions thus repre
senting a bigger threat to the power grid whenever a sudden change 
happens [15]. Also, Italy follows such idea, indeed a specific Ministerial 
Decree has been issued in order to establish the RES share that each 
small island not connected to the national grid must reach until 2030 
[16]. 

One of the approaches to decarbonise small islands energy systems 
while ensuring their stability and safety is that of Smart Energy Systems 
(SESs) [17] and sector coupling [18]. Indeed, SES approach provides 
innovative and effective strategies to handle non-dispatchable RES 
power production [19]. Furthermore, SES also enables to decarbonise 
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other energy consuming sectors than the power one while optimally 
exploiting the synergies between all sectors and energy vectors [20] by 
means of different technologies and strategies such as demand response 
[21]. Several studies have proven such approach focusing on generic 
demand response programmes [22], on the interaction between 
different storage and RES technologies [23] on the connection with the 
transportation sector [24] or the residential heating one [25], on the 
benefits of district heating and cooling networks [26]. Moreover, the 
approach has also been tested at different scales, from the single 
building scale [27] to the national [28] and even continental one [29]. 

It is clear how such an integrated system requires complex analysis 
and careful energy planning so as to consider all sectors needs and ne
cessities so as to ensure a just and efficient energy transition [30]. 

One of the best tool to do it is through energy system modelling and 
particularly via optimisation models, which have been proved to be a 
valuable tool for policy makers in this process. 

Nevertheless, the difficulty in modelling such complex systems is 
evident. Conventional models usually adopt a simplified approach 
through low temporal and operational detail [31] but it has been proven 
how the increasingly high penetration of variable RES makes short-term 
system operation more important to consider even for long-term system 
planning [32]. To this extent, Palmintier [33] and Poncelet [34] ana
lysed the impact of different constraints on results and they both came to 
the conclusion that operating reserve requirements has an important 
role. Additionally, Palmintier and Webster [35,36] concluded that 
neglecting some of these constraints has a significant impact on the 
obtained optimal results in terms of capacity and generation mix. 
Particularly, it results in low investments in flexible generators, which 
leads to reserve shortage, load shedding and additional renewable 
curtailment [37] as well as lower investments in flexible peak-load 
technologies and an underestimation of the total system costs [38]. 
Thus, an increasing number of studies have started to incorporate flex
ibility and stability constraints in long-term energy planning [39]. 
Recent studies can be found regarding the potential of EV as reserves 
providers and how different strategies can impact the energy system and 
the reserves [40]. 

The most advanced approach to consider such issues is that of 
considering ancillary reserves, an approach that is not found very often. 
Particularly, most models tend to consider this aspect through a Mixed- 
Integer Linear Programming (MILP) method [41] while very few models 
managed to maintain the model linear. An example can be given with 
the ReEDS model developed by NREL [42]. 

All these aspects gain even more importance in insular energy sys
tems. Thus, the novelty of this paper is that of developing a linear 
constraints (representation) to include both primary and secondary 

reserves in a long-term energy planning model in order to assess the 
impact that considering stability issues might create to plan the future 
energy systems of small islands. The paper will focus on identifying the 
impact that considering, or not, such reserves has on the final results on 
the entire system as well as on single technologies operation in order to 
identify those technologies that best fit the role of flexibility providers. 
The analysis will be developed on the case study of the Favignana island 
as representative of the many not interconnected small islands in the 
Mediterranean as well as all others in mild-to-warm climates. 

2. Methods 

This section describes the main characteristics of the H2RES model 
[43]. What differentiate this model from others is the fact that it is a 
long-term model that considers sector coupling solutions while main
taining a high temporal (i.e. hourly) and technological resolution. 
H2RES is an optimisation model based on LP [44]. 

Fig. 1 shows the connections and interactions between the main 
sectors that are considered within the model that are the power, heat, 
industry and transport sectors. 

The model is able to consider a great number of technologies, from 
the traditional generators to renewables such as solar, wind, and hydro- 
river (HROR). 

The connection with the heating sector is enabled through Electric 
Boilers (EBs), Heat Pumps (HPs) or Combined Heat and Power (CHP) 
plants while, of course, also conventional boilers can cover such demand 
using different fuels. Additionally, H2RES has the ability to model 
different technologies within the same group of EBs or HPs thus allowing 
to consider several technologies within the same type, but with different 
technical parameters, capacity and costs (e.g., air-to-air, air-to-water, or 
ground source heat pump). 

Furthermore, H2RES also takes into account the hydrogen (H2) de
mand with an hourly resolution. The H2 demand can also be distributed 
across different sectors (e.g. transport, building, industry) or can be 
considered as an overall H2 demand (this can also consider the export of 
hydrogen). Moreover, the model also optimizes the size of electrolyzer 
(ELY) and H2 storage in order to optimally cover such demands. 
Regarding the connection with the power grid, H2RES also analyses and 
optimize the size and dispatch of fuel cells (FC). As in the case of the heat 
sector, H2RES enables the user to consider several ELYs and FCs tech
nologies, with distinct technical and economic parameters so as to 
compare different technologies and understand pros and cons of each 
one within the analysed timeframe. 

As aforementioned, H2RES is a large-scale linear program (LP). The 
decision variables are of three different type. There are yearly 

Fig. 1. Flowchart and connection within the H2RES model.  
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investment capacities that are made for each of the technologies at each 
year. The model assumes that the additional installed capacity is 
immediately available in the first hour of the year in which it is installed. 
The second type of decision variables are those representing the output 
of generators and storages (for each analysed sector) that are optimized 
for each hour of each simulated year for all technologies that have an 
installed capacity different than zero. The third set of variables corre
sponds to storage levels (hydro, heat, H2) that, as for the dispatching, are 
modelled for each technology with an hourly resolution for each year in 
the horizon. 

The H2RES model objective is that of minimizing the total system 
cost considering both operation and investment in new capacity for all 
years in the horizon. Since H2RES is able to simulate long-term plan
ning, the future value of future operation and capacity costs are also 
actualized to the same year in order to enable a fair comparison between 
investment within such a large timeframe (e.g. from 2020 to 2050). 
Equation (1) shows the most generic expression of the H2RES objective.   

In Equation (1), the different terms represent the dispatching cost 
(Dt,p,y) of each technology t, in hour p, in year y. The variable cost (Ct,p,y) 
depends on all operational costs both depending on fuels and those 
simply due to normal operation (i.e. non-fuel costs), as shown in 
Equation (2). This structure allows to simulate cost structures of 
different types of technologies. 

Ct,p,y =

[
FuelCostt,p,y

efft,p,y
+NonFuelCostt,p,y

]

(2) 

The investment cost is represented by the second term of Equation 
(1) in terms of cost of additional capacity for each technology, this is 
then annualised thanks to factor Kt where the subscript t indicates the 
technology. The term Ct,y represents the capital cost of a certain tech
nology that might change in the different modelled years so to model the 
technology change in cost (learning curve) of a technology that might 
have reduced capital cost in the future, this is an input. The cost for ramp 
up and down and for imports are represented by the third and fourth 
terms of Equation (1), respectively. It is worth specifying that the 
adopted version of H2RES allows only for electricity import and not for 
export. Furthermore, this is done having the import price as an input set 
by the users that is expressed with an hourly resolution for each of the 
modelled years. Furthermore, also the cost of emissions (i.e. CO2 emis
sions) are taken into account (i.e. EUR/tCO2). 

Thus, H2RES evaluate the optimal size of different technologies as 
well as their operation schedule in terms of dispatching with the 
objective of minimizing the overall system cost. All of this, is subject to a 
set of technical and economic constraints. The core constraints and 
H2RES working principle are briefly explained in this section, for a more 
detailed description one can refer to Ref. [45] and to the open-source 
code that is available on H2RES website [46]. 

H2RES is able to disaggregate each type of demand (e.g. electricity, 
heat, and H2) within the different sectors (i.e. industry, agriculture, and 
others). The core constraints are those that guarantee for each energy 
carrier that the required quantity is supplied in every hour of every year. 

In order to supply such demands, generators output are optimized 
every hour of every year. The output level of every technology is of 
course constrained by the installed capacity that is settled at the 
beginning of each year considering new investment and the 

decommissioning period. Indeed, if capacity investment is allowed, the 
upper bound can be adjusted in future periods adding new capacity but 
always considering the maximum levels of allowed investments for 
technologies (potential of each technology). If required, a minimum 
level can also be set for certain technologies so as to analyse specific 
policy measures. 

For storage technologies, H2RES optimize the state of charge at an 
hourly resolution for each year in the model horizon. Hydro-dam units 
are the only storage technologies with a “natural” input level depending 
on the inflows, while all other storage technologies’ inputs is optimized 
by the model; this is the case heat storages, H2 storages as well as bat
teries or other electricity storing technologies. Each storage unit has a 
minimum and a maximum state of charge that must be guaranteed for 
each hour in the time horizon. The state of charge also limits the dis
patching capability in each hour. 

The decision variables are optimized also under some policy con
straints. Indeed, H2RES considers three main different policy di

mensions, which can be used independently or together. First, H2RES 
allows to define different levels of critical excess of electricity produc
tion (CEEP) allowed during a given year. If the model is used in a long- 
term planning scenario, users can set a maximum CEEP level for each 
year in the time horizon. Secondly, H2RES considers targets for 
renewable energy in the form of RES share (%). As in the case of the 
CEEP target, H2RES allows to model different targets for different years 
in the model horizon. Hence, the model allows to analyse systems con
figurations that comply with a transition towards low carbon economies. 
Lastly, H2RES also considers yearly limits for CO2 (or CO2eq) emissions 
levels. As several long-term energy planning models, given their 
complexity and detailed modelling of the hourly operation of the energy 
system, H2RES does have some limitations in terms of technical details 
for some technologies. Nevertheless, the ability to analyse energy sys
tems with a hourly resolution, as well as its technology richness and the 
different energy demands and sectors that the model is able to analyse 
makes it a reliable model, as it is also proven in Ref. [44] where it is 
validated against the PLEXOS model, or in Ref. [45] where H2RES is 
used to analyse country level decarbonization pathways, or, in Ref. [47] 
where it is used to assess RES integration in District Heating and Cooling 
system in mild and Mediterranean climates, among others. 

To increase the technical detail of the model, in addition to the 
traditional constraints found in long-term energy system models, new 
ones have been added in order to consider the stability issues that are 
particularly relevant in the context of a small island. Being the model a 
“steady state” model with perfect foresight, the reserves are never 
actually necessary. What is checked in the model is that plants are ready 
to provide reserve but it does not consider the actual provision of 
reserve, but rather the implications of having sufficient reserve at hand. 
Obviously, the actual activation of a reserve would cause a deviation of 
the electricity generation in this steady state, e.g. to compensate an 
outage. 

The general reserve constraint is shown in equations (3) and (4) for 
upwards and downwards reserves (both primary and secondary), 
respectively: 
∑

t
rup TP
y,i,t +

∑

t
rup STO
y,i,t +

∑

t
rup FC
y,i,t +

∑

t
rup ELY
y,i,t +

∑

t
rup HP
y,i,t ≥ Rup

y,i (3)  

∑

y

∑

p

∑

t
dfy

[
Ct,p,yDt,p,y +Ct,yKtInvt,y +Rt,p,yRampt,p,y + Ip,yImpp,y +CO2PriceyCO2Levelst,p,y

]
(1)   
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∑

t
rdown TP
y,i,t +

∑

t
rdown STO
y,i,t +

∑

t
rdown FC
y,i,t +

∑

t
rdown ELY
y,i,t +

∑

t
rdown HP
y,i,t

≥ Rdown
y,i (4)  

where, r indicated the available reserve offered by single plants and R is 
the reserve requirement to ensure the grid stability in every hour of 
every year. The superscripts have two information. 

The first one can be up or down and it indicates if the reserve is meant 
for upwards or downwards reserves. The second part of the superscript 
indicates the technology (i.e. TP stands for Traditional Plants, STO for 
storage, and the other acronyms are the same used in the rest of the 
paper). The subscripts are three; the y and the i indicate that the con
straints is checked in every hour of every year while t stands for the 
different plants belonging to the same technology group. 

Equations from (5) to (16) shows the constraints for primary and 
secondary reserves (primary and secondary reserves is indicated by the 
subscript 1 or 2, respectively). 

rup TP
1,i,t =min

{
Pmaxt − Pgi,t ; Pgi,t ; RampUpt

}
(5)  

rdown TP
1,i,t =min

{
Pgi,t − Pmint ;Pgi,t ; RampDownt

}
(6)  

rup STOout
1,i,t =min

{
Pmaxt − Pouti,t ; BatSOCi,t

}
(7)  

rup STOin
1,i,t =Pini,t (8)  

rdown STOout
1,i,t =Pouti,t (9)  

rdown STOin
1,i,t =min

{
Pmaxt − Pini,t ; BatSOCmaxt − BatSOCi,t

}
(10)  

rup TP
2,i,t =min

{
Pmaxt − Pgi,t − rup TP

1,i,t ; RampUpt
}

(11)  

rdown TP
2,i,t =min

{
Pgi,t − rdown TP

1,i,t − Pmint ; RampDownt
}

(12)  

rup STOout
2,i,t =min

{
Pmaxt − Pouti,t − rup STOout

1,i,t ; BatSOCi,t

}
(13)  

rup STOin
2,i,t =Pini,t − rup STOin

1,i,t (14)  

rdown STOout
2,i,t =Pouti,t − rdown STOout

1,i,t (15)  

rdown STOin
2,i,t =min

{
Pmaxt − Pini,t − rdown STOin

1,i,t ; BatSOCmaxt − BatSOCi,t

}
(16) 

The shown equation have been linearised in order to keep the model 
a LP one. 

The reserve requirement was instead the sum of a percentage of the 
renewable, non-dispatchable, production (i.e. 20%) and of the elec
tricity load (10%) in every hour. These values have been increased 
compared to the ones adopted in Ref. [48] since the island nature of the 
grid requires higher reserves. 

In this research different scenarios will be analysed. 
The scenarios will study the energy system with a growing renewable 

energy share up to 100% in 2050. This scenario will be analysed in 3 
different cases:  

1. Without ancillary reserves;  
2. With primary reserves;  
3. With primary and secondary reserves. 

The scenarios will be analysed separately and then compared to 
understand the full impact of reserves when planning the energy 
transition. 

3. Case study: Favignana island 

The case study that has been analysed in this paper is that of the 
Favignana island within the Aegadian archipelago in the north-west 
coast of Sicily. Favignana is the biggest island of the archipelago with 
its 3407 inhabitants. As most of small islands around the world and in 
Italy, Favignana electricity demand of 12.56 GWh/y are supplied in 
almost its entirety by seven diesel generators with an overall nominal 
power of 12 MW. Additionally, on the island also a small production 
from rooftop PV systems can also be recorded (i.e. 170 kWp). 

Regarding other energy consumptions, transportation represents 
around 60% of the whole energy demand and this is mainly connected to 
maritime transportation that consumes 57.23 GWh/y. This is not un
expected since ferries are needed both for the connection with the 
mainland, with a consistent number of daily travellers for work and 
educational purposes, and between islands within the archipelago [49]. 
As for all demands, also the one for transport is highly seasonal due to 
the importance of tourism for the island. Terrestrial transportation is 
divided into diesel and gasoline and it is equal to 3.8 GWh/y and 5.5 
GWh/y, respectively. 

Most of the heating consumption is supposed to be provided by 
electricity and it is thus considered within the electricity consumption 
that has been provided by the island only DSO, SEA S.p.a.. Additionally, 
3.4 GWh/y of LPG are also used for heating purposes. 

The primary energy consumption share of each energy consuming 
sector can be seen in Fig. 2. 

As previously briefly introduced, the island is a famous touristic 
destination this makes all the consumptions trends strongly seasonal 
with higher peak in summer as it can be seen for the electricity con
sumption in Fig. 3a. In Fig. 3b, statistics about the heating demand are 
depicted. 

Regarding the local RES potential, their hourly profiles have been 
downloaded by renewablesninja [50]. 

All the technology-related data used in the analysis is described in 
Table 1. Availability factors of PV systems and wind are considered to 
remain similar to 2020 levels for each future year. 

In Table 2, the cost of fossil fuels in the baseline year (i.e. 2020) are 
shown. It has been assumed a 1% increase rate per year for all fuel prices 
(i.e. gas, oil, biomass). 

As regards Table 2, the higher cost has been considered due to lo
gistic issues of insularity as evaluated and detailly explained in Ref. [57], 
the overprice is considered to be equal to 20% of the original cost on the 
mainland. 

Regarding the optimisation variables upper thresholds have been 
estimated with the following hypothesis. 

The upper bound for the total residential PV capacity has been 
identified to be equal to 18 MWp as described in detail in Ref. [58]. 
Regarding large scale PV, the maximum capacity that can be installed 

Fig. 2. Primary energy consumption share per sector.  
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has been set to 2 MW as per communication from Favignana Munici
pality itself that has already identified the needed space on the island in 
accordance with the superintendence. 

As regards batteries, the upper threshold has been identified based 
on the PV capacity upper bound thus hypothesizing a reasonable size 
that has been assumed as 100 MWh. As it can be seen in the results 
section, this upper bound does not impact the results since far lower 
sizes of Li-ion batteries are installed in all scenarios. 

4. Results and discussion 

In this section the results of the analysed scenarios are shown. In 
Fig. 4, large differences can be found in the energy produced every year 
from different energy vectors when reserves constraints are considered. 

A gradual shift from solar and wind towards biomass produced 
electricity can be clearly seen. This is also mirrored by the investments in 
RES generators that indeed are affected by the constraints on primary 
and secondary reserves as shown in Figs. 5 and 6. 

Indeed, it is visible how less consistent the investment in PV and 
Wind turbine are. This is due to three major reasons:  

• the capacity of biomass generator to produce clean electricity  
• the ability of biomass generators to provide primary and secondary 

reserves  
• reduce the need of reserves (Rup

y,i and Rdown
y,i in Equations (3) and (4)) 

by reducing the non-dispatchable electricity production 

The lower non-dispatchable energy production also causes lower 
investment in Li-ion batteries as it can be seen in Fig. 6. 

Regarding other flexible technologies, differences can be found for 
HPs and EBs as well as for FCs and ELYs as shown in Figs. 7 and 8. It must 
be noted that the adopted scales are different and HPs and EBs are in the 
scales of kilo-Watts while FCs and ELYs are in the scales of hundreds of 
kilo-Watts. 

The installed capacity of all these four technologies is increased 
when primary reserves are needed compared to the case when no re
serves are needed. Nevertheless, it is interesting to notice that in the case 
of secondary reserves the installed capacity of FCs, ELYs, and also EBs 
(even though the difference is only ca. 3 kW) decreases while HPs are the 
only flexible technology that slightly increases when secondary reserves 
are also taken into account. 

It is now interesting to understand how the different technology are 
adopted for providing reserves. 

In Fig. 9, the amount of reserves provided by each technology per 
year is shown both for upward reserves (Fig. 9a) and downwards one 
(Fig. 9b). 

It is visible how the major sources of reserves in the baseline year are 
the two diesel generators and the small Li-ion plant. In the next years, 
biomass becomes the major reserve supplier, both up- and downwards 
followed by Li-ion batteries that in 2050, when a 100% RES share is 

Fig. 3. Favignana a) electricity and b) heating loads.  

Table 1 
Techno-economic data for analysed technologies.  

Technology Units INV 2020 (M€/unit) INV 2030 (M€/unit) INV 2040 (M€/unit) INV 2050 (M€/unit) Efficiency Source 

Large scale PV MW 0.53 0.38 0.33 0.3 – [51] 
0.83 0.69 – 0.56 – [52] 

Residential PV MW 1.13 0.87 – 0.59 – [51] 
1.25 1 – 0.85 – [52] 

Wind MW 1.12 1.04 0.98 0.96 – [51] 
PEMFC CHP MW 1.3 1.1 – 0.8 50% [51] 
SOFC CHP MW 3.3 2 – 0.8 60% [51] 
Alkaline Electrolyzer MW 0.65 0.45 0.3 0.25 66.5–78% [53] 
SOEC Electrolyzer MW 4.5 1.9 1.3 0.78 77–83.5% [53] 
PEM Electrolyzer MW 0.92 0.65 0.45 0.4 58–70.5% [53] 
H2 storage (tanks) MWh 0.057 0.045 0.027 0.021 – [54] 
Li-ion Battery MWh 1.042 0.622 0.394 0.255 92% (charge/discharge average) [54] 
biomass boiler MWth 0.47 0.447 0.425 0.404 79–85% [55] 
gas boiler MWth 0.278 0.265 0.252 0.24 99% [55] 
air-to-water HPs MWth 1.2 1.076 1.016 0.956 3.282 (average) [55] 
geothermal HP MWth 1.932 1.836 1.74 1.566 4.621 (average) [55] 
Electric boilers MWth 0.89 0.85 0.81 0.77 100% [55]  

Table 2 
Fuel cost [56].  

Fuel Cost [€/GJ] Increased cost [€/GJ] 

Natural gas 8.3 9.96 
Diesel 16 19.2 
Biodiesel 26.56 31.87 
Gasoline 16.4 19.7  
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reached, supply a comparable amount of reserves around the 800 MW in 
the whole year. Furthermore, when the 100% RES share is reached the 
need for ELY to provide downwards reserves is evident. It is worth 
noticing that a negligible amount of downward reserve is provided by 
EBs in 2050. 

In Fig. 10, it can be appreciated how the different technologies are 
used in terms of electricity supply and reserve provision (in the case of 
Li-ion storage both charge and discharge are depicted). 

It is interesting to analyse the different roles of technologies in the 
future energy system and how it changes throughout the years. Biomass 
is mainly used for electricity production with a minor contribution to
wards reserves in terms of time even though we know, from Fig. 9, that it 
is the biggest reserve provider of the whole energy system. The gas 

generator use instead shifts from being majorly adopted as electricity 
supplier towards being mainly a reserve provider in 2030 to then 
disappear in a 100% RES share system. In 2050, when the 100% RES 
share target is reached, hydrogen technologies are installed but they are 
used extremely differently. Indeed, the electrolyser’s main function is 
that of a reserve provider and mainly for downwards reserve; while the 

Fig. 4. Yearly energy production by energy carrier in scenarios a) without 
reserves, b) with primary reserves and c) with primary and secondary reserves. 

Fig. 5. Capacity investment per RES technology in scenarios a) without re
serves, b) with primary reserves and c) with primary and secondary reserves. 
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Fig. 6. Total PV, Wind Turbine and Li-ion battery storage installed power for a 100% RES share in different scenarios.  

Fig. 7. Total Heat Pumps and Electric Boilers installed power for a 100% RES share in different scenarios.  

Fig. 8. Total Fuel Cells and Electrolysers installed capacity for a 100% RES share in different scenarios.  

D. Groppi et al.                                                                                                                                                                                                                                  



Energy 278 (2023) 127716

8

FC, precisely a SOFC, is mainly used as a power generator while also 
providing both up and down reserve services. These outcomes provide 
interesting insights since they suggest that reserve provision might 
represent the core business model for ELYs while the use of hydrogen for 
power production through FCs would be almost negligible since it covers 
only around 10% of the time of use. 

Li-ion batteries have a similar use throughout the whole time- 
horizon being mainly a reserve supplier with a balanced share of up- 
and down-wards reserve use. They also have a relevant role as a load 
(charge mode) and a power supplier (discharge) but only in 2020 when 
the RES share is fairly low and the need for reserves is limited. From 
2030 onwards, when PV and Wind turbines are installed, Li-ion batteries 
work for almost 85% of the time as reserve providers. 

Regarding the heating sector technologies, HPs and EBs have 
different roles in the system. HPs are installed in 2030 and are used for 
both heating supply and downwards reserves and this type of use is 
replicated also in the following years with an increase in the heating 
supply since the gas boilers that are initially installed are decom
missioned and thus substituted by HPs. Differently than HPs, EBs are 
installed only in 2050 and are used almost entirely for downwards 
reserves. 

5. Conclusion 

The first conclusion that can be drawn is that when reserves are 
considered great differences in the optimal investment towards 100% 
RES share can be found. 

Biomass generators become the best option for power production 
and so investments in PV and Wind turbines drop drastically. Indeed, 

biomass generators being dispatchable bring a threefold advantage such 
as i) providing clean energy, ii) being able to provide reserves services 
and iii) reduce the need for reserves that is evaluated as a percentage of 
the non-dispatchable power generation and of the power load. 

Furthermore, Li-ion batteries are the second most provider of re
serves services reaching a value that is comparable to the one provided 
by biomass generators in 2050. 

It was also concluded that the hydrogen supply chain is advanta
geous only in a 100% RES share system (i.e. 2050) when both ELY and 
FC are installed. It is interesting though how differently these technol
ogies are used. Indeed, ELY are used for most of the time as downwards 
reserves providers and only 10% of the time as a load to produce 
hydrogen. On the other hand, FCs are mostly used for power production 
(i.e. ca 60% of the time) but also for reserves provision with a balanced 
share between down and upwards reserves. This outcome can be inter
esting for rethinking the business model of ELYs but also for policy 
makers that should carefully think about proper markets for ancillary 
services. It should be noticed that in this paper the opportunity to export 
hydrogen was not considered, so the hydrogen price on the global and/ 
or local markets might change the optimal operation strategy for such 
technology and mainly ELY. 

It is nevertheless clear that at least primary reserves should be 
considered at planning stage in order to properly size not only the RES 
generators but more importantly all those technologies that will have to 
cope with the unpredictability of non-dispatchable RES. 

It must be mentioned that like other long-term energy planning 
models, H2RES does have some limitations due to the assumptions made 
in terms of technical details since the model aims at analysing strategic 
long-term decisions. 

Fig. 9. Amount of Primary Reserves UP (a) and DOWN (b) supplied per technology per year.  
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