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Abstract:
The increasing penetration of renewable non-dispatchable electricity sources into urban energy systems is
necessitating the adoption of novel storage technologies to facilitate the temporal matching of energy supply
and demand. Power-to-hydrogen (P2H) is one such storage technology option; in which electrolysis is used to
convert excess electricity into hydrogen gas, which can be used to store energy in the long-term and in
decentralized settings. In this study, the feasibility of hydrogen as a long-term storage option for residential
municipalities is assessed. First, the current and future energy demands of buildings are modelled using a full
dynamic simulation modelling approach. Next, geo-spatial information is used to determine the potential
electricity generation from local photovoltaics (PV), small hydropower, and wind sources. Finally, the optimal
technology mix needed to supply the required building loads is determined using an optimization framework,
which facilitates the design of energy systems by coupling the hourly energy demands with the availability of
energy resources and the capabilities of a set of energy conversion/storage technologies. As the feasibility of
district-scale P2H is dependent on the magnitude and temporal variability in the renewable energy resources,
the model is applied to two case study sites in Switzerland with differing magnitudes of renewable resources.
1) A mountain village with an abundance of solar and hydropower resources, and 2) an urban neighbourhood
in Zurich, with a similar magnitude of energy demand, but with a limited availability of renewable resources.
The results indicate that there is a minimum threshold value for the ratio between the neighbourhood energy
demand and the amount of surplus renewable electricity that must be generated before P2H becomes an
economically feasible option in comparison to other storage options such as battery storage or sensible thermal
storage.
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1. Introduction
In order to meet climate change goals worldwide, many of countries are phasing out fossil fuel
generation in place of renewable technologies. The major drawback of renewable technologies is that
they are non-dispatchable, resulting in a temporal mismatch of supply and demand. As the fraction
of renewables increases, this mismatch will become more severe. In addition, both photovoltaics and
wind energy represent forms of distributed generation. With large-scale implementation, this would
potentially result in a shift away from a system of centralized power plants towards decentralized
renewable generation. In this scenario, the existing grid will transition into a series of decentralized
microgrids that are based around communities of prosumers.
Rather than curtailing surplus renewable generation during low demands and relying on fossil fuel
during peak demands, energy storage provides us with the potential to shift surplus renewable
generation to future demand. In decentralized system design, energy storage is an asset as it reduces
dependence on the grid and increases utilization of local renewables. On the decentralized level, the
most prevalent storage options are batteries, thermal, and hydrogen storage.
Battery storage is the most popular solution due to its cost effectiveness, high efficiency, and fast
reaction time but is unsuitable for storage periods longer than a day at maximum.
Alternatively, power to hydrogen (P2H) storage can store hydrogen without time dependant losses in
decentralized settings. Renewable surplus electricity can run electrolysers to produce renewably
sourced hydrogen. This hydrogen can either be injected into gas grids up to limited concentration,
used to run fuel cells, or converted into methane via methanation and injected into gas grids.

In this paper, we will investigate the system design for hydrogen gas storage on the community scale
using fuel cells and direct injection into the gas grid. We will use an optimization framework that
utilizes multi-objective mixed integer linear optimization (MILP) to select the optimal sizing of
conversion and storage technologies. This procedure will be completed for two different case studies
in Switzerland: 1) A rural community with high renewable potential and 2) a suburban community
with limited renewable potential. These two case studies provide two different municipal contexts
that will be evaluated with different combinations of renewable technologies in order to evaluate the
potential of P2H systems in different contexts. The goal of the paper is to explore which municipal
context and renewable potentials or what level of renewable penetration encourages the feasibility of
power to hydrogen systems and what the associated environmental benefits could be.

2. Previous work
The energy hub concept is a macro-level framework that is used to model the flow, conversion, and
storage of multiple energy carriers within a system, in order to facilitate the optimisation of system
design and unit scheduling. These models are often developed using mixed integer linear
programming (MILP) formulations composed of linear equations that describe the conversion of
input energy streams (e.g. electricity, solar radiation) to output energy streams (e.g. electricity loads,
space heating loads). Chicco and Mancarella [1], Manfren et al. [2], and Alarcon-Rodriguez et al [3]
have all carried out comprehensive reviews of the models that have been developed for the energy
planning of distributed energy systems.

2.1. Hydrogen economy applications
The energy hub method was then expanded by Hajimiragha et al. [4] to include hydrogen economy
considerations. Their optimal power flow model uses hydrogen converters as well as district heat,
natural gas, hydrogen, and electricity.
A similar method was also used by Maroufmashat et al. [5]. The authors created a MILP energy hub
model for four buildings over a year of operation. Similar models have also been produce by Beccali
et al [6], Li et al. [7], and others.

Fig. 1: Schematic of the grid interaction in the optimization model

3. Methodology
This study utilises a three-step approach to analyse the energy demand and supply capabilities of
specific neighbourhoods:
1. The current energy demands of buildings are modelled using a combined archetype and full
dynamic simulation modelling approach.
2. Geo-spatial information is used to determine the potential electricity generation from PV,
small hydropower, and small-wind turbines.

3. The optimal technology mix required to supply the building loads is determined using multiobjective decentralized energy system optimization. The storage technologies considered are
hydrogen storage (H2S), battery storage, and sensible thermal energy storage (TES). The
conversion technologies considered include fuel cells (PEMFC), electrolysers (PEME), gasboilers, biomass boilers, micro-gas turbines (MGTs), PVs, small-wind turbines, a small-hydro
station, and heat pumps. The technology interactions are shown in Fig. 1.
The calculation of the heating and electricity demands are described in Section 3.1, the calculation of
the PV, wind, and hydro technology potentials are described in Section 3.2, the conversion
technologies are described in Section 3.3.3, the storage technologies are described in Section 3.3.4,
the grid constraints are in Section 3.3.5, and the energy carrier balances are described in Section 3.3.6.

3.1. Demand Modelling
In order to calculate the electricity and heating demand in the buildings, the dynamic building model
developed in Wang et al. is used [8]. The CESAR tool utilizes EnergyPlus as a simulation engine to
model hourly electricity, space heating, and domestic hot water demand for all buildings considered
in the case studies. Using the building geometry available in GIS, 2.5D building geometry is
constructed.
In addition, statistics on building type, building age, and number of occupants is used to estimate both
electrical and heating demand at hourly intervals for a year of operation. This data is taken from the
Building and Apartment Registry ("Gebäude und Wohnungregister") data from the Bundesamt für
Statistik [9]. It assigns building construction, glazing ratio, and infiltration values. This information
is combined into individual EnergyPlus building files for each building, taking neighbouring
buildings as shading objects into account. The EnergyPlus files are combined with a weather file and
simulated over a one-year period at hourly intervals to compute the annual demand.

3.2. Renewable Potential
3.2.1. Rooftop Photovoltaic (PV) Potential
A Geographical Information System (GIS) based approach is used to derive the hourly solar radiation
on the rooftops in the area, as well as to calculate the available area for PV installations. Using Light
Detection and Ranging (LiDaR) data for the building elevation and digital terrain raster data, the
slopes, aspects, area, and solar incidence on rooftop surfaces are calculated at a 2 m x 2 m resolution
for all non-protected buildings in the case studies. The methodology for calculating the PV potential
is further described in Mavromatidis et al. [10].

3.2.2. Small-Wind Potential
Due to the relatively low average wind speeds in the case studies and the proximity to municipalities,
small-wind turbines are assumed for this analysis. The Aventa AV-7 wind turbine [11], which has a
cut in speed of 2 m/s, is used. In both case studies, the surrounding area is analysed to locate the small
wind turbines. In the urban case study, it is assumed that a few of these wind turbines could be
installed on roofs. The corrected wind speed is calculated based on the assumed height of the turbine
hub. For the rural case study, this is assumed to be 18 metres (height of the turbine hub) and the
corrected wind speed is calculated with Eq: (1).
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Here, 𝑣(ℎℎ𝑢𝑏 ) represents the corrected wind speed at the turbine hub height, 𝑣(ℎ𝑟𝑒𝑓 ) represents the
reference wind speed from the weather file, ℎℎ𝑢𝑏 is the height of the wind turbine, ℎ𝑟𝑒𝑓 is the height
at which the reference wind speed (10 meters), and 𝛼 is a coefficient that represents the rate of wind
speed increase as a function of height. The power curve for the Aventa AV-7 wind turbine [11] was
then used to correlate hourly power depending on the corrected wind speed. For wind turbines that
lie in urban areas, a correlation defined in Heath et al. [12] is used. It is described in Eq: (2).
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Here, 𝑧0 is the height the canopy in the urban area, 𝑑0 is the height above the ground where the wind
speed is zero, ℎ𝑠𝑢𝑟 is the average height of objects (i.e. buildings or trees) in the area, 𝛿𝑏 is the height
of the boundary layer, and 𝑥 is the distance to the periphery.

3.2.3. Small-Hydro Potential
To calculate the hydropower potential, fluvial volume flow rates are required, which are taken from
measured data of a river not yet exploited for hydro in one of the case studies (Zernez). For the case
study, flow rates of the river were measured over a period of one year, and aggregated to derive the
available energy potential. The power output of the turbine is then calculated based on Eq: (3)
𝑃 =𝜂∙𝜌∙𝑄∙𝐻
(3)
Here, P is the produced power (W), η is the hydraulic efficiency of the turbine, ρ is the acceleration
due to gravity (m/s ), Q is the volume flow rate passing through the turbine (m /s), and H is the
effective pressure head of water across the turbine (meters).
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3.3. Decentralized Energy System Optimization
3.3.1. MILP Formulation
For the decentralized energy system model in this study, multi-objective optimization with mixedinteger linear programming (MILP) is used. This type of modelling is based on the energy hub
concept, which was first defined in Geidl et al. [13]. In this model, multiple energy carriers
(electricity, heat, etc.) are balanced from primary energy input to end energy demand according to a
series of constraints that represent conversion technologies, storage technologies, distribution grids,
and other factors. In this type of optimization, the decision variables represent the technology
configuration, technology sizes, and operation of the technologies for hourly time steps over a oneyear period (8760 hours). Using this method, the determines the unit size, technology performance,
network performance, and operation of the system.

3.3.2. Multi-objective Optimization
Multi-objective optimization using the epsilon-constraint method is used to minimize for both costs
and CO2 emissions. In this study, six Pareto optimal solutions are chosen to give a variety of solutions
for each set of parameters. In order to represent annual capital costs of technologies, the capital
recovery factor (CRF) or equivalent annual cost is used. The calculation for CRF is shown in Eq: (4).
𝐶𝑅𝐹 =
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Here, r is the discount rate and Lifetime is the technology lifetime in years.

3.3.3. Dispatchable Conversion Technologies
Dispatchable conversion technologies include heat pumps, gas boilers, micro-gas turbines (MGT),
polymer electrolyte membrane fuel cells (PEMFC), and polymer electrolyte membrane electrolysers
(PEME). The operation parameters of each technology are based on the sizing of the technology in
kW. Please note that all costs and efficiencies (with sources) are found in Table A.1 in Appendix A.
Boilers
Four types of boilers are simulated in the model: gas boilers, wood pellet (biomass) boilers, oil boilers,
and electric boilers. Both oil boilers and electric boilers are being phased out in the Swiss Energy
Strategy [14], therefore they are only used in the reference cases and not considered for the remainder
of the scenarios discussed in Section 4.3. The two remaining boilers (gas and biomass) are considered
in the redesign, however only one type of the two boilers can be installed. All boilers are modeled
with a linear efficiency curve and a minimum part load of 5%.

Micro-Gas Turbines (MGT)
Micro-gas turbines are combined heat and power (CHP) devices that run on natural gas. They are
modelled based on Capstone MGT which provides their efficiency curves for both electricity and heat
for all of their MGT sizes [15]. A linear approximation of this curve is then used for both electricity
and heat.
Polymer Electrolyte Membrane Electrolysers (PEME)
Electrolysers are the first component in the P2H storage configuration. Although technically a conversion
technology, electrolysers consume electricity and produce hydrogen that can later be stored. PEM electrolysers
are chosen for this model due to their quick responsiveness, flexibility, ability to withstand higher degrees of
cycling than alkaline electrolysers, and ability to produce pressurized H2. In this paper, the PEME is assumed to
produce hydrogen at a pressure of 10 bar. The model for PEME's was not developed in this work but in a joint
project that aimed to produce reduced order models for electrolysers and fuel cells for optimization. The model
for PEMECs is found in Gabrielli et al. [16] and uses a piecewise affine (PWA) linear relationship using four
linear segments to represent the part-load efficiency curve or the produced hydrogen in Nm2/kWh. The PWA
assumption is modelled using one binary segment for each section, and only one of these binaries can be one at
any given time step.
Polymer Electrolyte Membrane Fuel Cells (PEMFC)
Fuel cells are the second technology included in the P2H configuration. They are considered a CHP technology
that runs on hydrogen gas. Unlike most CHP technologies, they have a higher electrical efficiency than a thermal
efficiency. PEM fuel cells are chosen due to their flexibility and responsiveness. Due to the complex performance
curve of PEMFCs, PWA linear relationship also from Gabrielli et al. [16] is used to simulate the part-load
electrical efficiency curve. To estimate the heat production, the total efficiency of the fuel cell is fixed at 95%,
and the difference between total and electrical is approximated as the heat production efficiency. Although not
directly a storage technology, in this model the running of the PEMFC indicates discharging of the hydrogen
storage to produce electricity and heat.
Heat Pumps (HP)
Ground-source heat pumps are considered in the case study over air source heat pumps due to the low
temperatures in winter. A linear correlation between COP and the heat source temperature from
Sanner [17] is used to model the heat pumps. This relationship is dependent on the heat source
temperature and the delivered heat temperature, which is assumed to be 70°C. The number of heat
pumps installed in each case study is limited by the number of boreholes available for placement. A
GIS analysis for each case study was performed on the parcel area in which the buildings are situated.
Boreholes are then placed with a minimum radius of 10 m apart from each other and from buildings.
For more details on the GIS borehole placement, please refer to Miglani et al. [18].

3.3.4. Storage Technologies
Storage technologies of interest include lithium-ion batteries, sensible thermal energy storage tanks
(TES), and compressed hydrogen storage (H2S). Hydrogen compressors are also used for the
charging of compressed hydrogen tanks at 90 bar. The compressors are sized based on the maximum
mass hydrogen production rate of the PEME and are assumed to have a constant electric consumption
of 0.2 kWh electricity per kg H2. The storage technologies are modelled based on their nominal
capacity installed, their charging energy, discharge energy, and storage level in each time step. In
addition, they have maximum charging and discharging rates set based on a percent of their maximum
state of charge. This method of constraints is described in Stadler et al. [19]. Costs and efficiencies
of storage technologies can also be found in Table A.1 in Appendix A.

3.3.5. Grid Constraints
The model assumed network grids for electricity and heating. A transformer efficiency to the lowvoltage grid of 98% is assumed. The heating network is approximated with a minimum spanning tree
network from the assumed energy center in the middle of the neighborhood to the building centroids.

A heating loss rate of 4.3% per km of heating pipe is assumed [20]. For electric pumping power, 8.5%
of the total heating demand in each time step is assumed [21].
Direct injection of hydrogen into the natural gas grid is also allowed for up to a 2% limitation by
volume. This is the recommended value for networks with turbines [22].
In addition, the selling of electricity back to the grid is controlled. As the feed-in remuneration is
reserved for only renewables, there is a constraint to ensure that only renewable electricity surplus
can be sold back to the grid at the feed-in tariff (FIT). This renewable energy surplus (i.e. electricity
production in a time step that exceeds the electric demand) from PV, small hydro, or small-wind
devices can be sold at the FIT, but all remaining electricity (i.e. electricity produced form the MGT,
PEMFC, or battery) must be sold back at the market price. Please note that all grid cost parameters,
as well as the cost of all fuels can be found in Table A.1 in Appendix A.

3.3.6. Energy Balances
In the model, the four energy carriers are simultaneously balanced with constraints to ensure that
supply meets demand. The balance for the electricity carrier is shown in Eq: (5), for the heating carrier
in Eq: (6), for the carrier network in Eq: (7), and the natural gas carrier in Eq: (8).
𝑃𝑢𝑟
𝑃𝑔𝑟𝑖𝑑,𝑡

𝐻𝑦𝑑𝑟𝑜

𝑃𝑉
𝑊𝑖𝑛𝑑
+ 𝑃𝑜𝑢𝑡,𝑡
+ 𝑃𝑜𝑢𝑡,𝑡
+ 𝑃𝑜𝑢𝑡,𝑡

𝜂𝑡𝑟𝑎𝑛𝑠
𝑃𝐸𝑀𝐸
𝑃𝑖𝑛,𝑡

𝐵𝑎𝑡𝑡𝑒𝑟𝑦

𝑀𝐺𝑇
𝑃𝐸𝑀𝐹𝐶
+ 𝑃𝑜𝑢𝑡,𝑡
+ 𝑃𝑜𝑢𝑡,𝑡
+ 𝑃𝑜𝑢𝑡,𝑡

𝑃𝑢𝑚𝑝
𝑆𝑒𝑙𝑙,𝑀𝑃
𝑆𝑒𝑒𝑙,𝐹𝐼𝑇
+ 𝑃𝑖𝑛𝐶𝑜𝑚𝑝 + 𝑃𝑎𝑢𝑥,𝑡
+ 𝑃𝑔𝑟𝑖𝑑,𝑡
+ 𝑃𝑔𝑟𝑖𝑑,𝑡
∀𝑡

𝐷𝑡𝐻𝑒𝑎𝑡

𝐵𝑜𝑖𝑙𝑒𝑟
𝑃𝐸𝑀𝐹𝐶
𝑀𝐺𝑇
𝑇𝐸𝑆
𝐻𝑃
𝑃𝑜𝑢𝑡,𝑡
+ 𝑃𝑜𝑢𝑡,𝑡
+ 𝑃𝑜𝑢𝑡,𝑡
+ 𝑃𝑜𝑢𝑡,𝑡
+ 𝑃𝑜𝑢𝑡,𝑡
== 𝜂

𝑙𝑜𝑠𝑠𝑒𝑠

𝐵𝑎𝑡𝑡𝑒𝑟𝑦

== 𝐷𝑡𝐸𝑙𝑒𝑐 + 𝑃𝑖𝑛,𝑡

𝐻𝑃
+ 𝑃𝑖𝑛,𝑡
+

(5)
𝑇𝐸𝑆
+ 𝑃𝑡𝐷𝑢𝑚𝑝 + 𝑃𝑜𝑢𝑡,𝑡
∀𝑡

(6)

𝐹𝐶
𝐻2𝑆
𝐻2𝑆
𝑃𝐸𝑀𝐸
𝑃𝑜𝑢𝑡,𝑡
+ 𝑃𝑜𝑢𝑡,𝑡
== 𝑃𝑡𝐷𝐼 + 𝑃𝑖𝑛,𝑡
+ 𝑃𝐶ℎ𝑎𝑟𝑔𝑒,𝑡
∀𝑡
(7)
𝐷𝐼,𝐻2
𝐺𝑎𝑠
𝑀𝐺𝑇
𝐵𝑜𝑖𝑙𝑒𝑟
𝑃𝑔𝑟𝑖𝑑,𝑡 + 𝑃𝑡
== 𝑃𝑖𝑛,𝑡 + 𝑃𝑖𝑛,𝑡 ∀, 𝑡
(8)
𝑇𝑒𝑐ℎ
𝑃𝑖𝑛/𝑜𝑢𝑡,𝑡 refers to the power produced/discharged (out) or consumed/charged (in) for the sets of
conversion and storage technologies. The terms 𝐷𝑡𝐸𝑙𝑒𝑐 and 𝐷𝑡𝐻𝑒𝑎𝑡 refer to the aggregated demand of
𝑆𝑒𝑙𝑙,𝑀𝑃
𝑆𝑒𝑒𝑙,𝐹𝐼𝑇
𝑃𝑢𝑟
all buildings simulated in Section 3.1 at each hour. 𝑃𝑔𝑟𝑖𝑑,𝑡
, 𝑃𝑔𝑟𝑖𝑑,𝑡
, and 𝑃𝑔𝑟𝑖𝑑,𝑡
refer to the power
purchased from the grid, sold to the grid at the market price, and sold to the grid at the FIT respectively
𝑃𝑢𝑚𝑝
(only hydro and PV power that exceeds the electrical demand can be sold at the FIT). 𝑃𝑎𝑢𝑥,𝑡
refers
𝐷𝑢𝑚𝑝
to the auxiliary pumping losses in the district heating networks, 𝑃𝑡
is the heat that can be discarded
𝐷𝐼
at any time step, and 𝑃𝑡 is the hydrogen injected into the natural gas grid.

4. Case Studies
4.1. Zernez
Zernez is a village in the Swiss Alps and the Canton of Graubünden. The village has a population of
approximately 1150 people occupying 301 buildings. The buildings are mixed-use consisting of
single-family homes, multi-family homes, restaurants, public buildings, shops, hotels, and other
building types. The village is at a high altitude of 1,474 m, resulting in a cold climate. A small 2.3
MW run of the river hydro station is currently planned for installation with the river that passes beside
the community. The city of Zernez has provided water flow rates for the river for one year to
approximate the hydro potential.
As of 2013, the current systems installed in Zernez are a wood-fired boiler district heating system, oil
boilers, electric boilers, and a few heat pumps. There is currently a small amount of PV installed and
many buildings in the area are protected and thus not available for installation of PV.

4.2. Altstetten
Altstetten is a district located in mostly residential area of the city of Zürich, Switzerland. In this area,
77 buildings were chosen and scaled to the same approximate total demand of Zernez. These
buildings consist of mostly multi-family homes and some single-family homes.

The community is connected to a natural gas network, thus gas boilers are the largest heating
technology, however many of the older buildings still use oil boilers. Biomass boilers are not
considered for the Altstetten case study as the local biomass resources for the city of Zürich are
reserved for other sections of the city with biomass district heating networks.

4.3. Renewable Energy Scenarios
In this paper, each renewable potential is simulated individually to predict which renewable resources
may have the biggest influence on decarbonisation, which are the most cost effective, and which
storage technologies compliment them. All renewable energy scenarios are shown in Table 1. The
first scenario is the reference case, which represents the technologies and operation in the year of
2015. This case is first simulated as a baseline to benchmark the other scenarios. All other simulations
are constrained so their emissions must be less than or equal to the reference case. In Altstetten there
is no hydro potential, therefore scenarios with hydro in Altstetten are removed.
It is to be noted that the installed capacity of the renewable technologies is optimized for and not
enforced in each scenario. For each scenario and each case study, the full renewable capacity and
yearly production has been quantified (3.2.1-3.2.3). This full capacity is used as an upper limit of
installed capacity for the optimization but is not enforced, thus the optimal solution can choose to
select no renewable technologies, a capacity less than the full potential, or the full potential. As is
explained in Section 4.3, the maximum potential and production are based on the local resources
within the case study boundaries and vary strongly from case study to case study.
Table 1: Scenarios in this analysis including the total annual renewable potential in GWh
Scenario Name
Reference
PV
Wind
Hydro
PV & Wind
PV & Hydro
Wind & Hydro
PV, Wind & Hydro

Description
Currently installed technologies
Only PV installed
Only small-wind turbines installed
Small-hydro station
PV and small-wind
PV and small-hydro
Small wind and hydro
All renewable potential

Zernez (GWh)
0
5.24
1.95
7.52
7.19
12.76
9.47
14.71

Altstetten (GWh)
0
3.02
1.57
4.59

4.4. Comparison of Case Studies
Due to the increased population density in Altstetten, there is a higher energy density in a smaller
amount of space compared to the rural case study of Zernez. The larger number of multi-family homes
results in less roof space relative to the amount of heated and electrified floor area. Zernez has a
potential of 25,200 m2 of rooftop area suitable for installation and Altstetten has a total of 12,040 m2.
For wind potential, Zernez is estimated to fit in 114-6.5 kW wind turbines at a hub height of 18 m.
Altstetten similarly can only fit 57-6.5 kW turbines. In addition, Altstetten has no hydro potential.
Using the methods established in Sections 3.1-3.2, the demand for the buildings and the renewable
potential are calculated for the two communities.
The total renewable potential vs. the total demand for both case studies is shown in Fig. 2. In this
Figure, demands are represented as negative values and production is represented as a positive value.
The surplus or deficit is calculated by subtracting the total energy demand in each hour from the total
renewable production in each hour and then summing up the monthly totals.

Fig. 2: Renewable potential (positive) and demand (negative) for Zernez and Altstetten in of 2015

5. Results and Discussion
The scenarios formulated in the previous section were simulated using the epsilon-constraint method
to produce 6 objectives for each scenario: a fully cost minimization, a 25% CO2 minimization (75%
cost minimization), a 50% CO2 minimization (50% cost minimization), a 75% CO2 minimization
(25% cost minimization), a 95% CO2 minimization (5% cost minimization), and a fully CO2
minimization. The Pareto fronts for each scenario are shown in Fig. 3.
In Fig. 3, the solutions on the upper-left represent the cost minimization and the solutions on the lower
right are the CO2 minimization. The reference scenarios (in black) are shown to have similar
emissions but higher costs compared to the cost minimization solutions. In Zernez, the high renewable
potential allows for a drastic reduction in CO2 emissions, particularly with the solutions with the
highest renewable potential. In addition, the overall cost of all objectives for scenarios with the most
renewable potential was lower than solutions with the least amount of renewable potential. In
Altstetten, the lower renewable potential results in higher emissions, however solutions with PV were
again able to reduce the potential more. The solution with wind alone had the least potential to reduce
emissions and were the costliest as they were able to produce the least amount of energy and the small
wind turbines are relatively expensive compared to the other renewable units.

Fig. 3: Pareto fronts for both the Zernez case study and the Altstetten case study for all combinations
of renewables. The cost and emissions are levelized by total energy demand resulting in a levelized
cost of energy (LCOE) and levelized emissions per kWh of demand
In most scenarios, there is a sharp increase in costs after the 75% CO2 minimization objectives. As
will be seen in Fig. 4 and Fig. 5, these costs are associated with the installation of a P2H system,
which represents significant capital costs to install but allows for a greater reduction in emissions.

Fig. 4: A cost breakdown by cost type for all solutions
Figure 4 presents the cost breakdown for five cost types: capital cost of conversion and renewable
technologies, capital cost of storage technologies, operation and maintenance costs (O&M), fuel costs
(including wood, natural gas, and oil), and electricity costs. In Fig. 4, the reference scenarios consist
of mostly fuel and electric costs. This is due to the biomass, electric, and oil boilers installed in 2015.
The electric boilers, in particular, increase the electricity costs significantly due to the high price of
electricity relative to the cost of fuels (see Table A.1 for details).
In Zernez, the majority of solutions show the capital costs of conversion technologies and fuel costs
to be the most significant. In scenarios with a high renewable potential (PV, Wind & Hydro, PV &
Hydro, and Wind & Hydro), there are negative costs (profits) for electricity due to the selling of
surplus electricity back to the grid at the FIT. In the scenarios favouring cost effective solutions, there
is a preference for selling electricity back to the grid rather than storing it on-site as it is more
profitable. For solutions favouring CO2 emissions, the capital costs for the storage technologies are
quite high due to the significant capital required to install a P2H system. These systems require
PEMFCs, PEMEs, compressed hydrogen storage, and hydrogen compressors. These devices all
require significant capital to install. In the Altstetten study, the costs are dominated by fuel and
electricity costs, as the system is still highly reliant on natural gas boilers to meet the heat demand.
Figure 5 shows the sizing of all the technologies for both case studies and all scenarios. Here, the
electric and oil boilers are only seen in the reference cases. Biomass boilers are installed in larger
quantities in the CO2 minimization objectives and the gas boilers are installed in cost minimization
objectives. Due to the lack of biomass in Altstetten, gas boilers are relied upon in all Altstetten
scenarios. MGTs are also installed in the cost minimization solutions, but are phased out as CO 2
emissions are reduced. Heat pumps are preferred in both case studies and most solutions, however,
their installation is limited in both due to the availability of boreholes. The installation of PEMFCs,
hydrogen compressors, PEMEs, and H2S all represent the installation of a P2H system. These systems
are only installed in the 95% CO2 and the fully CO2 minimization due to their significant capital costs.
Some of the CO2 minimization solutions install very large hydrogen systems (>40,000 kg) that are
probably infeasible due to the area that would be required for hydrogen tanks on site, however these
solutions are used as reference for the theoretical minimum emissions and solutions in the 95%
reduced cases install a smaller and feasible amount of storage.

Fig. 5: Sizing of all technologies for all scenarios
The study shows that installation of renewable potential is optimal for both objectives as they are
nearly always installed in the largest capacity available, however batteries and P2H are not yet cost
effective. TES is installed in all cases in large capacities as it is both cost and CO 2 effective. Battery
storage is used in low capacities in most of the Zernez cost effective solutions and in large capacities
for the CO2 effective solutions. Batteries are not used in the Altstetten cases, except in the CO2
minimizations, as there is not enough surplus to shift in order to offset the capital investment.
These scenarios show that, while it is feasible to install P2H, it is not yet cost effective to do so and
the higher the renewable potential in the community is, the larger and more cost effective the system
will be. These technologies could be more financially attractive with a lower FIT as it would not be
as profitable to sell excess energy back to the grid.
Although P2H is technically feasible and can further reduce CO2 emissions due to its long term
storage potential, the costs of the PEME, PEMFC, and H2S will have to decrease before it will be
feasible to install. In order to offset its high capital costs, it must be used on a site with significant

renewable potential and a requirement for long-term shifting of demand that cannot be met with
batteries. In this study, both PV and hydro potential at high penetration rate were technically feasible
for installation with a P2H system, however small-wind in communities was insufficient.

6. Conclusions
This study compares the potential of P2H storage using a multi-objective approach in two municipal
case studies for different combinations of renewables. This approach allows us to assess which type
and level of renewable potential is best suited for P2H and in which scenarios it is useful in reducing
emissions. The results show that it is only optimal to install P2H in objectives strongly favouring
emission reduction and with sufficiently high levels of renewable potential. These scenarios include
all cases in Zernez including hydro, Zernez PV and wind, and Zernez PV only. Much smaller P2H
systems are included in the cases with PV in Zernez. Wind potential alone in Zernez is not enough
renewable potential to install either batteries or hydrogen systems. In Altstetten, the scenario with
both wind and PV installed a small hydrogen system in the 95% objective but not in the PV alone or
wind only scenarios. This was due to the lower renewable potential in the case study, thus large
storage systems for load shifting were not required. The analysis of scenarios suggests that the level
of renewable potential is much more important than the type of renewable technology in the
application of P2H.
In order to make P2H and battery storage cost effective and competitive, their capital costs must
decrease. The FIT also disincentives storage, as it is more profitable to sell produced electricity back
to the grid than to store and use it on site. The FIT in Switzerland is predicted to phase out after 2020.
Simultaneously, the capital costs of batteries, fuel cells, and electrolysers are predicted to decrease
due to technological learning, thus the attractiveness for energy storage should increase in the future.
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Appendix A: Optimization Parameters
Table A.1: Economic, environmental, operation, and performance parameters used in the optimization mode
Category

Parameter

Unit

Value

Category

Parameter

Unit

Value

Economic/market
parameters

Retail electricity price

CHF/kWh

Low tariff: 0.12, High: 0.198 [23]

Capital cost

CHF/kW

200 [24]

Market electricity price

CHF/kWh

0.04 [23]

Electric boiler
(reference case
only)

OMF

CHF/kW Cap

2 [31]

Feed-in tariff

CHF/kWh

0.137 [23]

Lifetime

Years

20 [25]

Natural gas price

CHF/kWh

0.064 [14]

Nominal efficiency

%

88 [25]

Wood pellet price

CHF/kWh

0.07 [14]

Capital Cost

CHF/kW Elec

900 [26]

Heating oil price

CHF/kWh

0.067[14]

OMV

CHF/kWh Elec

0.0055 [26]

Swiss grid emission factor

kg CO2/kWh

0.100 [14]

Lifetime

Years

30,000 [26]

Environmental
parameters

Photovoltaic
parameters

Small-hydro

Small wind

Gas boiler

Biomass boiler

Oil boiler (reference
case only)

MGT

Natural gas emission factor

kg CO2/kWh

0.198 [14]

Nominal electrical efficiency

%

25[15]

Wood pellet emission factor

kg CO2/kWh

0 [14]

Nominal thermal efficiency

%

70 [15]

Heating oil emission factor

kg CO2/kWh

0.27 [14]

Capital cost

1900

1900 [25]

Capital cost

(CHF/kW peak)

2640 [25]

OMF

CHF/kW Cap

0.0084[24]

OMF

CHF/kW Cap

5 [25]

Lifetime

Years

15 [24]

Lifetime

Years

25 [25]

Nominal COP

-

2-3.5 [17]

Capital cost

CHF/kW Elec

3500 [27]

OMV

CHF/kWh

0.025 [27]

GSHP

Nominal Efficiency

%

17 [25]

Capital cost

CHF/ kW

3500 [28]

OMF

% Capital cost/year

3 [28]

Lifetime

Operating hours

50,000 [27]

Lifetime

Years

40 [28]

Nominal electrical efficiency

%

50 [27]

Efficiency

%

80% [28]

Capital cost

CHF/ kW turbine

4000 [25]

OMF

CHF/kW Cap

0.004 [24]

PEMFC

PEME

Nominal thermal efficiency

%

45 [27]

Capital cost

CHF/kW Elec

2500 [27]

OMV

CHF/kWh Elec

0.025 [27]
40,000 [27]

Lifetime

Years

20 [24]

Lifetime

Operating hours

Capital cost

CHF/kW

420 [25]

Nominal efficiency

Nm3/kWh Elec

6.25 [27]

OMF

CHF/kW Cap

8.6 [24]

Capital cost

CHF/kWh

1100 [29]

Lifetime

Years

25 [24]

OMF

CHF/kWh Elec

52 [29]

Nominal efficiency

%

88 [24]

Lifetime

Years

11.5 [29]

Capital cost

CHF/kW

1000 [25]

OMV

CHF/kW Cap

8.6 [24]

Battery (Li-ion)

Thermal storage

Round-trip efficiency

%

90 [29]

Capital cost

CHF/m3

4575 [25]
25 [25]

Lifetime

Years

15 [24]

Lifetime

Years

Nominal efficiency

%

82 [25]

Round-trip efficiency

%

90 [19]

Capital cost

CHF/kW

380 [25]

H2S

Capital cost

CHF/kg H2

620 [27]

Lifetime

Years

15 [27]

Hydrogen
Compressor

Capital cost

CHF/kW Elec

300 [6]

Lifetime

Years

15 [6]

OMF

CHF/kW Cap

2 [25]

Lifetime

Years

25 [25]

Nominal efficiency

%

85 [25]
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