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Abstract
The increasing penetration of renewable nondispatchable electricity sources into urban energy systems
is necessitating the adoption of novel storage technologies
to facilitate the temporal matching of energy supply and
demand. In this study, the feasibility of incorporating
power-to-gas (P2G) technologies into decentralised
energy systems is evaluated. While most P2G studies
assess the concept for large-scale renewable installations,
in this paper, we apply it as a storage option for a
municipality at the district level. Optimization, using the
energy hub method, is employed to compare several
storage configurations, with a multi-objective approach
minimizing both cost and carbon emissions. The results
show that cost objective solutions prefer thermal energy
storage in order to facilitate short-term power-to-heat
storage. While emissions optimal solutions select P2G
storage, as it is able to facilitate seasonal storage and
maximize the utilization of installed renewables.
However, this option comes at a high economic cost.

Introduction
Due to the phase out of fossil fuels and nuclear power
plants in favor of renewable generation in Switzerland,
new energy production installations are predicted to shift
power grids away from centralized plants and towards a
structure of decentralized energy systems (Prognos AG,
2013). As nuclear power plants are gradually shut down,
they are predicted to be replaced by decentralized
renewable energy installations such as solar, wind,
geothermal and hydro. Due to fluctuations in renewable
generation, particularly with solar and wind which are
highly dependent on weather and climatic conditions,
there is a challenge to temporally shift excess renewable
potential surpluses to match the future energy demands of
consumers.
Distributed storage is an asset in distributed energy
system (DES) design as it can mitigate stochastic
fluctuations in renewable generation by shifting surpluses
to future demand (Ortjohann et al. 2008). Currently, the
majority of DES storage proposals focus on battery
storage, while power-to-gas (P2G) storage, in which
excess electricity is converted to hydrogen gas via
electrolysis, is typically reserved for large renewable
facilities. However, P2G is also an attractive storage
option at the community level, as it facilitates long-term
storage with high energy density. This paper attempts to
address this oversight by investigating P2G as a long-term
storage solution for distributed energy systems.
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An optimization approach is taken for this analysis
using the Energy Hub concept (Geidl and Andersson
2006) for a case study of a small village in rural
Switzerland. Several storage configurations are
investigated using three different technologies: hydrogen
storage, battery storage, and thermal energy storage.

Background
Power-to-gas
Power-to-gas (P2G) refers to a method of converting
electricity to hydrogen gas through water electrolysis
(Lehner et al. 2014). The produced hydrogen can then be
stored in tanks for later use, when it can be used directly
as a fuel for fuel cells, injected into natural gas grids up to
limited fractions, or converted into synthetic methane via
methanation and used in place of natural gas.
Power-to-gas is increasing in popularity, as it is an
attractive technology for facilitating long-term storage
with high energy density and without time dependent
losses (Schiebahn et al. 2015). As a result, it is well suited
for storing surplus renewable energy for intermittent and
fluctuating loads associated with renewable power
production. This is particularly true for wind and
photovoltaic generation, which are highly weather and
season dependent. Out of 41 realized power to gas plants
globally, 59% of them are coupled with photovoltaic
generation and 51% of them are coupled with wind
generation (Gahleitner 2013).
Many other storage technologies, such as batteries and
flywheels, are best suited for short-term storage over a
few minutes to a few hours or for diurnal application
(Díaz-González et al. 2012). For long-term storage, P2G
is attractive as it can store hydrogen in compressed tanks
without time-dependent losses or additional operational
costs. This method of storage also reduces dependency on
the electricity grid, as it can be operated without grid
electricity input, thus making it resilient and ideal for
remote or decentralized applications (Gray et al. 2011).
There are also several disadvantages to power-to-gas
storage. Firstly, it has a lower cycle efficiency than other
storage types. When converting from electricity to
hydrogen to electricity, including storage at 80 bar, its
cycle efficiency is typically 34-44%. However, when
converting from electricity to hydrogen to cogenerated
heat and electricity in fuel cell CHPs this efficiency is
increased to 48-62% (Lehner et al. 2014). Additionally,
P2G technology is currently associated with high costs, as
it requires a number of components that are complex and
require expensive materials and manufacturing.
Electrolysers, hydrogen storage tanks, and compressors,
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are all required to facilitate hydrogen storage. Fuel cells
are often required to use the hydrogen fuel directly and
are significant investment to install. In order for P2G to
become feasible, there must be sufficient renewable
potential in the DES to offset the capital cost of installing
P2G technologies. These costs will be outlined in the
methodology section of the paper.
Battery storage
Battery technology is primary technology of focus for
future decentralized energy systems due to their relatively
high cycle efficiencies. Several technologies are
available: particularly lead-acid, sodium-sulphur, and
lithium-ion batteries. Lithium-ion batteries are
particularly useful due to their high cycle efficiencies
(<90%) and high depth of discharge (80%) (Malhotra et
al. 2016). One disadvantage of this technology is that it is
mainly used for small or medium energy storage and is
typically applied for diurnal storage cycle periods.
Thermal energy storage
Thermal energy storage is widely used in existing
applications and is hardly a new technology. However, it
is still useful as a buffer storage with combined heat and
power (CHP) technologies.
When used in conjunction with heat pumps or electric
boilers, it can also act as a power-to-heat technology,
using a surplus of electricity to run heat pumps or
electrical heating units and then storing this heat for later
demand.
Like batteries, TES is frequently used for diurnal
storage. Thermal storage has a relatively high cycle
efficiency when used over short time periods. However,
its time dependant losses can be great. Most TES lose
upwards of 1% of stored energy per hour of storage cycle
duration (Stadler et al. 2008).
Hybrid energy storage
Combining two or more types of storage technologies
that have complimentary properties can be beneficial for
DES in order to manage different types of loads (Vosen
and Keller 1999). Installing batteries in compliment to
P2G storage is an attractive option as short-term diurnal
demands are managed at high efficiency with the battery,
while long-term demands are managed at a lower cycle
efficiency but without time dependant losses with P2G
storage. TES is also an asset in combination with P2G and
battery storage as it provides a storage buffer for the
heating energy carrier rather than for electrical demands.
In this study, we will investigate the performance of a
DES system with the three different standalone types of
storage and compare them to a hybrid storage
configuration with batteries, TES, and hydrogen storage.

Methodology
Energy Hub Approach
The DES model is based on the energy hub concept,
with new elements introduced to represent P2G systems.
The energy hub concept consists of an optimization
problem that balances energy carriers (i.e. electricity,
heat, natural gas, or hydrogen) from energy potential to
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energy demand, according to conversion efficiencies,
operational parameters, storages, and capacity constraints
(Orehounig et al. 2015). The model determines the
optimal sizing and operational scheduling of installed
technologies through minimization of a certain objective
function.
For this application, Mixed Integer Linear
Programming with the branch and bound method is used.
The model is simulated in ILOG Optimization software
with a CPLEX solver. The objective function is multiobjective minimizing both annual cost and CO2
emissions. Ten points (henceforth refered to as pareto
scenarios) are chosen for each storage configuration.
Pareto scenario 1 representes a cost optimal solution and
scenario 10 represents an emissions optimal soltuion.
Scenarios 2-9 represent multi-objective pareto optimal
solutions, each representing a 10% reduction in CO2
emissions relative to the difference between the cost
optimal and emissions optimal solutions.
In this P2G application, there are four energy carriers:
electricity, heat, hydrogen gas, and natural gas.
Renewable potentials, within the case study vicinity are
analyzed over a year of operation and used as inputs into
the energy hub optimization. Similarly, building
electricity and heating demand are calculated over the
same year and also used as an input into the hub. The
optimization then selects the optimal sizing of considered
conversion technologies and storage mediums, as well as
their hourly operation over the time horizon. A summary
of the model configuration for this analysis is shown in
Fig. 1.

Figure 1: Energy hub layout for the case study. The left
represents pre-calculated energy potentials, the right
represents pre-calculated energy demand, and the centre
represents the conversion and storage technology.

Conversion Technologies
The conversion technologies for this analysis include
gas-boilers, alkaline electrolysers (ALKEC), ground
source heat pumps (GSHP), and polymer electrolyte
membrane fuel cells (PEMFC).
Electrolyser
ALKEC are chosen over PEM electrolysers as they are
a more mature technology, are cheaper, are available at
larger capacities, and have a comparable performance and
response time to PEM electrolysers (Götz et al. 2016).
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Due to the complexity in operation of electrolysers,
part-load performances were implemented based on the
piecewise affine linear approximation for the reduced
order electrolyser model described in Gabrielli et al.
(2016).
Fuel Cells
PEMFC are chosen over solid-oxide fuel cells (SOFC)
as they have a quicker response time, are generally
cheaper than SOFC and have a higher thermal efficiency
that is beneficial in a climate with a high heating demand.
SOFCs operate at a very high temperature (>700°C). As
a result, they take almost 2 hours to heat up before
producing energy on start-up and are very slow to respond
to changes in load (Götz et al. 2016).
Similar to electrolysers, part-load performance was
considered for PEMFCs using the piecewise affine linear
approximation for the reduced order models described in
Gabrielli et al. (2016).
Heat Pumps
GSHPs are chosen over ASHPs in this analysis due to
the cold climate of the case study used in this analysis,
which is further described in the next section.
Heat pump COP is calculated at hourly intervals using
a relationship defined in Sanner (2003) which uses and
hot water outlet temperatures and ground temperatures
from -5 to 5°C. An outlet temperature of 50°C was
assumed for the heat pump, resulting in a range of COPs
from 2.2-3.2. Ground temperature is assumed to be 2°C
higher than the average monthly ambient temperature, as
indicated by Stauffer et al. (2013) in a study of ground
temperatures in Zürich, Switzerland.
Gas Boilers
To reduce the computational intensity of the model,
constant efficiency is used for gas-boilers, as they are the
least complex technology considered.
Storage Technologies
Three types of storage are considered: hydrogen
storage, battery storage, and thermal energy storage.
In order to evaluate continuous storage performance
and the effect of storage cycle duration, an hourly
resolution is used for the year of operation resulting in
8760 hourly time steps. This is chosen over the commonly
used typical days method (Domínguez-Muñoz et al. 2011)
because the discontinuity of non-sequential days with the
typical days method does not allow for continuous storage
cycles between days. Using a full hourly resolution also
allows for storage cycle duration to be selected in an
unsupervised fashion. A disadvantage of this method is
the high computation intensity of evaluating operation of
several potential configurations at a time horizon of 8760
hours annually resulting in most runs taking between 2-5
hours for each pareto optimal scenario.
The storage technologies have constraints based on
their charging efficiencies and discharging efficiencies as
well as maximum charge and discharge constraints.
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Hydrogen Storage Tanks
In this simulation, we assume that hydrogen is stored
at 90 bar in compressed steel tanks. To store at this
pressure, compressors are considered in the design, as the
discharge pressure of 30 bar from an alkaline electrolyser
needs to be raised to the storage pressure at 90 bar.
Lithium-ion Battery
These batteries are considered due to the recent
decrease in their cost, high cycle efficiency, and high
depth of discharge. Capacities up to a 5 MWh battery are
considered in this application.
TES Tanks
Thermal energy storage up to 300 m3 is considered in
this application.
District Heating Grid
For this study, a detailed district heating grid was not
defined as it was determined to be too computationally
intensive to compute within the optimization at a full
resolution. However, auxiliary pumping losses and heat
losses from the grid were considered. A minimum
spanning tree algorithm was used to calculate the
approximate length of the grid using the path distance
between building centroids in ArcGIS, and was calculated
to be 659 m. An hourly heating loss of 4.3% of demand
delivered per km of district heating pipeline was assumed
(Keirstead et al. 2012). It is also assumed that the
electricity required to pump fluid through the network is
8.5% of delivered heating demand (Weber and Shah
2011).
Additional Constraints
A few additional constraints were included to more
accurately represent the limitations of the technologies. A
minimum part-load ratio (PLR) was introduced for
several technologies to represent their minimum output
limits relative to their installed capacity.
For storages, flow constraints for charging and
discharging were used. The maximum rate of charge and
discharge was defined as a certain percentage of
maximum installed capacity to limit the amount of flow
that could occur in a one-hour time step. In addition,
hourly losses were represented as a percentage of the
current stored charge. These losses represent heat loss
from thermal storage and battery decay. Recommended
values for these were taken from (Stadler et al. 2008) for
TES and from Malhotra et al. (2016) for lithium-ion
batteries.
For hydrogen storage, charging losses are represented
by compressor energy consumption. Discharging losses
were considered negligible as the storage is already
pressurized. The hydrogen storage also does not
experience time dependant losses as the number of leaks
in existing compressed tanks is negligible.
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Case study
Description
The case study for this analysis is Zernez, a small
village in the Swiss Alps with a population of
approximately 1150 people inhabiting 308 buildings. The
buildings consist mostly of single-family homes, multifamily homes, shops, and hotels, as well as a few
restaurants, public buildings, and agricultural buildings.
The village is located at a high altitude of ~1475 m,
resulting in a cold climate with an annual average
temperature of 4.7 °C, and an average monthly
temperature below 0°C from November to February. It
also has a global horizontal incident solar radiation of
1170 Wh/m2 but relatively low wind speeds with an
annual average of 1.8 m/s). The village does not have a
gas grid and only a small wood-fired district heating grid.
It relies on electrical heating systems for most of its
heating demands, as well as oil boilers, wood pellet
boilers, wood pellet stoves, and a few heat pumps.
The village officials provided statistical data on all the
buildings including number of occupants, number of
dwellings, and detailed information on installed energy
systems. GIS information on the building footprints, land
parcels, and landscape topology is also available, and is
shown in Fig. 2.

Figure 2: Graphical information system (GIS) data for Zernez
including 308 buildings footprints, landscape topology, and
land parcels from ArcGIS

Energy Hub Input data
Building Energy Demand
A dynamic building model developed with
EnergyPlus is used to calculate hourly electricity, space
heating, and domestic hot water (DHW) demand for all
the buildings in the village. The model uses ArcGIS data
to construct building geometry and uses statistics on
building type, building age, heating technologies, and
number of occupants to estimate both electrical and
heating demand at hourly intervals for a year of operation.
It assigns building construction, glazing ratio, and
infiltration values based on building age. For further
details on the dynamic building model, refer to Wang et
al. (2016).
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The installed systems are based on energy carriers
provided from statistics collected from building
inhabitants and from energy bills. In addition, stochastic
schedules are assigned for electricity demands and
occupancy schedule based on the number of occupants.
This data was taken from a database of statistics for
buildings in Switzerland (SFOE, 2010).
Solar Potential
A GIS based approach is used to derive the hourly
solar radiation on the non-protected rooftops in the area,
as well as calculate the available area for solar
installations. Using LiDar data for the building elevation
and digital terrain raster data from Swisstopo (Swisstopo,
2014), the rooftop slopes, aspects, area, and solar
incidence on rooftop surfaces are calculated at a 2 m x 2
m resolution of all non-protected buildings in the case
study. The methodology for calculating the solar potential
is further described in (Mavromatidis et al. 2015).
The efficiency of the PV panels is then calculated at
each time interval using hourly measured weather data for
the case study and Equations 1 and 2.
𝑁𝑂𝐶𝑇 − 20 𝑡𝑜𝑡
(1)
𝑇𝑐𝑒𝑙𝑙 (𝑏, 𝑡) = 𝑇𝑎𝑚𝑏 (𝑡) +
𝑃𝑠𝑜𝑙 (𝑏, 𝑡)
800
𝑟𝑒𝑓
𝜂𝑃𝑉 (𝑏, 𝑡) = 𝜂𝑃𝑉 {1 − 𝛽𝑟𝑒𝑓 [𝑇𝑐𝑒𝑙𝑙 (𝑏, 𝑡) − 25]}
(2)
In the above equation, 𝑇𝑎𝑚𝑏 refers to the ambient
𝑟𝑒𝑓
temperature, 𝜂𝑃𝑉 is the PV conversion efficiency under
nominal test conditions, 𝛽𝑟𝑒𝑓 is the temperature
coefficient, and NOCT refers to the nominal cell operating
temperature. According to Duffie and Beckman (2016),
𝑟𝑒𝑓
𝛽𝑟𝑒𝑓 can be assumed to be 0.004°C-1, 𝜂𝑃𝑉 to be 15%, and
NOCT to be 45°C. 𝑇𝑐𝑒𝑙𝑙 (𝑏, 𝑡) and 𝜂𝑃𝑉 (𝑏, 𝑡) are the
resulting operating PV cell temperature and the PV cell
efficiency for each available cell in the raster and at hourly
intervals for the full year.
Hydro Potential
A 2.3 MW micro-hydro plant is proposed for
installation near the village. Flow rates are provided for a
potential site in the nearby river that is currently not
utilized for hydropower. These measured volumetric flow
rates are aggregated into hourly intervals to calculate the
available energy potential over the year using Eq. 3,
(3)
𝑃 = 𝜂𝜌𝑔𝑄𝐻
In Eq. 3, P is the generated hydropower in kWh, η is the
turbine efficiency, g is the acceleration due to gravity, Q
is the volumetric flow rate in m3/s, and H is the effective
pressure head of water across the turbine in metres. In this
case, the turbine efficiency is assumed to be 60-80%, as it
is a smaller turbine in a micro-hydro plant (Paish 2002).
Borehole Potential
A GIS based approach is used to determine the available
locations for potential borehole sites for building land
parcels within the case study using the method found in
(Miglani et al., 2016). Boreholes are assumed to be 100150 m deep and spaced a minimum of 7.5 m apart. Soil
conductivity is assumed to be 2 W/mK. It is determined
that 340 boreholes could fit in the village of Zernez,
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producing a potential of 1240 kW of heat. Only nonprotected buildings are considered for borehole
installation. The maximum heat extracted from these
boreholes is used as a constraint in the optimization.
Input Data Results
The hourly energy demands and renewable energy
potentials are calculated for each of the buildings and then
aggregated into single hourly values for the Zernez case
study. DHW and space heating loads are also aggregated
into a single heating load. Figure 3 shows the monthly
aggregation of the values for renewable potentials and
building demand. The annual totals are shown in Table 1.
Table 1: Annual totals of energy demand and potentials

Electricity
Demand
(GWh)
7.45

Heat
Demand
(GWh)
13.9

PV
(GWh)

Hydro
(GWh)

5.25

7.52

Borehole
Potential
(GWh)
7.18

Cost and emissions factors
A literature review of costs was performed for the
technologies of consideration including capital costs,
operation and maintenance costs, and fuel and electricity
costs. Since the case study lacks a full-scale districtheating network, the installation of the district heating
piping was added as an additional cost, based on an
approximate length of the network. A summary of costs
and efficiencies used in this study related to technologies
is summarized in Table 3. Cost and emissions value for
grid electricity and other fuels are summarized in Table 2.
In order to consider the capital costs of the
technologies over the year of operation considered, the
equivalent annual cost method (EAC) was used. EAC is
calculated using Eq. 4 (Knopf 2011).
𝑟
(4)
𝐸𝐴𝐶 = 𝐼0 ∗
1
[1 −
]
(1 + 𝑟)𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒
Here, 𝐼0 is the initial capital cost of the technology at year
0, r is the discount rate, and Lifetime represents the
predicted lifetime of operation of the technology in years.
The discount rate in this case was chosen to be 0.06
(“Sixth Northwest Conservation and Electric Power Plan”
2010). Additionally, operation and maintenance (O&M)
costs were included for each technology. Both fixed and
variable costs were considered.
Table 2: A summary of energy costs included in the analysis

Energy Carrier

Figure 3: The monthly distribution of renewable potentials vs.
energy demands. Energy production is shown as positive and
demand as negative.

Natural Gas
Grid Electricity
Heating oil
Wood pellets
.

Price
(CHF/kWh)
0.0641
0.196
0.066
0.017

Emissions
(kg CO2/kWh)
0.198
0.124
0.260
0.037

Table 3: A summary of technology costs and efficiencies used in the energy hub optimization

1

Conversion
Technologies
Gas-boiler
PEMFC

Capital Cost

O&M Cost

380 CHF/kW
6000 CHF/kW

3.7 CHF/kW Cap
0.025 CHF/kWh

Lifetime
(years)
25
15

Efficiency

PV
GSHP
ALKEC
Micro-hydro
H2 tank
Compressor
TES tank

2640 CHF/kW
1750 CHF/kW
1450 CHF/kW
3748 CHF/kW
625 CHF/kg H2
10,500 CHF/kg H2
19.8 CHF/kg

0.034 CHF/kWh
5.5 CHF/kW Cap
58 CHF/kW Cap
3.5 CHF/kW Cap
525/kg H2
100 CHF/m3

25
20
16
40
15
30
17

0.88
𝜂𝑒𝑙𝑒𝑐 =0.18-0.63
𝜂ℎ𝑒𝑎𝑡 =0.95-𝜂𝑒𝑙𝑒𝑐
𝜂𝑟𝑒𝑓 =0.151
2.2-3.6
0.46-0.58
0.8
1
0.3 kW/Sm3
𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =0.9

Lithium-ion
battery
Heating pipe

450 CHF/kWh

10 CHF/kWh Cap

11.5

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =0.92

380 CHF/m

-

40

𝐿𝑜𝑠𝑠 =4.3%/km

Additional
Constraints
Min PLR=0.05
Min PLR=0.05
-

Min PLR=0.15
Min PLR=0.15
Hourly heat loss=0.01
Min charge (20%)
Hourly decay=0.002

PV reference referred to in Eq. 1,2
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Figure 4: Optimal capacities for the technologies considered for all pareto optimal solutions in each configuration. Scenario 1
represents a cost optimal solution and scenario 10 an emissions optimal solution.

Results

electricity and heating demands met by the current mix of
electricity, wood pellets, and oil boilers

Using the multi-objective approach, a series of ten
optimizations are run for each of the four storage
configurations:
1. P2G with hydrogen storage
2. Battery storage
3. Thermal energy storage
4. A hybrid storage configuration
For each of these configurations, 10 pareto optimal
scenarios were computed whereby scenario 1 represents a
cost optimal solution, scenario 10 represents an emissions
optimal solution, and scenarios 2-9 represent each a 10%
reduction in emissions relative to the difference between
the emissions of the cost optimal solution and the
emissions of the CO2 optimal solution.
These are also compared to a reference case, which
represents grid electrical demands met completely by grid

Sizing Optimization
Figure 4 shows the selected optimal sizing for each of
the nine technologies considered in the optimization for
the previously described 10 different pareto optimal
scenarios. They are split into conversion technologies and
storage technologies.
In Fig. 4, scenarios favouring a cost objective solution
(in red) installed heat pumps in small capacities. Boilers
and hydro are installed in large capacities, as they are the
most cost-effective technologies for heating and
electricity respectively. TES is also installed in high
capacities in both cost effective and emissions effective
cases due to its low cost and ability to buffer for high
heating demands. PV panels, PEMFCs, ALKECs,
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batteries, and hydrogen storage are not installed in cost
effective cases due to high capital costs.
Scenarios preferring an emissions minimization
objective (in blue) favoured GSHPs for heating and PV
and hydro for electricity. In scenarios 8-10, a power-togas system is installed with hydrogen storage, alkaline
electrolysers, and PEMFCs as the long-term storage
system is required to further reduce emissions. Batteries
and TES are also favoured in emissions optimal scenarios,
however they are typically selected in lower capacities
when a power-to-gas system is installed as hydrogen
storage is preferred in these scenarios.
It is noted that many technologies are oversized in the
cost optimal solutions (scenario 10) due to the lack of
penalty of capital costs for under-utilized equipment,
resulting in a low emission but poor design to due to low
capacity factors of the technologies in operation. The
emissions optimal scenario, is nevertheless used as a
benchmark for the minimum possible emissions the
system is able to achieve with the available technologies
and renewable potentials.
Multi-Objective Optimization
The pareto fronts represents both objective parameters
for all pareto optimal solutions and are shown in Fig. 5.
Both costs and emissions are levelized per kWh of total
demand over the one-year period.
Most of the emission reduction is represented without
a large increase in the cost (from scenario 2-6) in all
configurations. The majority of this emissions reduction
is due to switching the heating technologies from
primarily boiler heating to heat pump heating with a large
thermal storage.
In Fig. 5, it is also observed that each of the pareto
fronts starts at approximately 0.14 CHF/kWh and 0.16 kg
CO2/kWh for the cost optimal solutions for each
configuration. In comparison, the reference conditions in
the case study are 0.12 CHF/kWh and 0.17 kg CO2/kWh.
The reference case uses a combination of wood pellet
boilers, oil boilers, and electric boilers to meet heating
demand, thus resulting in low cost but high emissions for
the reference case.

Figure 5: Pareto fronts for the four configurations. The cost
optimal solutions begin in the upper left and the emissions
optimal in the lower right.
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In the cost objective cases, small-scale battery storage
(10 kWh) and large-scale thermal storage (6650 kWh) are
installed. P2G storage is not installed until 38% of the cost
effective emissions and 41% of the reference case
emissions and have been reduced. Its installation
represents a rapid increase in the cost from scenario 7-10
in the P2G+Bat+TES and P2G only configurations due to
the high capital cost of the required technologies for the
P2G system. It is, however, able to produce lower
emissions than the other two forms of storage by reducing
the emissions 55% relative to the cost effective scenario
and 58% relative to the reference scenario.
Operational Scheduling
The energy hub also optimizes the management and
scheduling of the technologies at hourly time steps over
the one-year period. To evaluate the integration of
renewable energy into the model from an operations
standpoint, the optimization model determines the
generation of each of the installed technologies and the
purchasing of centralized grid electricity and natural gas
fuel at hourly intervals. The weekly distribution of energy
sources to meet the total heat and electricity demand is
shown in Fig.6.
In this graph, we can see the annual variation of the
generation of technologies for scenario 1, scenario 4,
scenario 8, and scenario 10. Scenario 4 was chosen to
represent a reduced emissions case before P2G is installed
and scenario 8 is chosen to represent a lower cost scenario
where P2G is installed.
The cost objective solution shows high utilization of
grid electricity and natural gas-boiler heat generation. In
the summer, there is a high utilization of hydropower,
GSHP, and thermal energy storage. This indicates that the
excess hydropower in the summer is being utilized for
running the heat pump and storing the heat in the TES to
meet future heating demands (i.e. power-to-heat). As
emissions are reduced from scenario 1-4, there is an
observed higher utilization of the GSHP in the winter and
higher usage of grid electricity to run the heat pump.
In scenario 8, the P2G system is installed. We now see
the utilization of the PV panels and the fuel cell. This is
increased even further in the CO2 emissions optimal
solution. Here, the TES storage utilization is decreased in
favor of P2G storage and utilization of fuel cells.
In Fig. 7, the annual profile of charging and
discharging shows the seasonal variation in storage
utilization. In the cost optimal solution, the heat pumps
are mainly used in the summer to charge the TES when
there is a renewable surplus and store the energy to supply
later DHW loads. They are used infrequently in the winter
due to the lack of surplus electricity. In scenario 4, the
thermal storage utilization increases in the summer, but
does not increase in the winter. In both these cases, there
is no seasonal variation as the charge and discharge period
is only a few days at maximum.
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Figure 6: Fraction of total demand met by each technology over the one-year period for the P2G+Bat+TES configuration

Figure 7: Storage charging and discharging for the P2G+Bat+TES configuration.
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In scenario 8, P2G is not used as heavily as the TES,
however we see seasonal variation with the P2G charging
and discharging. The seasonal variation is even more
evident in the fully emissions optimal solution, where
larger capacities of hydrogen storage, electrolysers, and
fuel cells are used. However, the thermal energy storage
is now used less in favour of the P2G storage.
Consequently, utilization of all renewables potentials
has been maximized through the seasonal variation of the
P2G storage. This is observed in Fig. 8, as the
configurations using P2G are able to meet a significantly
higher fraction of renewable energy for total demand
compared to the configurations with short-term storage.
In this figure, the cost effective renewables percentage is
approximately 20% supplied from the hydroelectricity.
From scenario 7-10, a power to gas system is installed and
the scenarios using P2G are able to meet significantly
higher renewable shares than the other configurations.
This factor is increased from 43% to 60% in the emissions
optimal scenarios.

Figure 8: Fraction of renewable share for each of the
configuration and scenarios

Conclusions
Although implementation of P2G storage increases
the utilization of renewables, the majority of emissions
reductions are due to installation of GSHPs and TES in
favour of gas boilers and oil boilers. This correlates to a
particularly significant reduction in this study as the
heating demand is 1.87 times larger than the electricity
demand and TES is the most cost effective form of
storage. When used with GSHPs, this implements a
power-to-heat exchange from renewable electricity to
heat produced by the GSHP at high efficiency and stored
in the TES. In this way, excess electricity can then be used
for later heating demand, but is still limited to shorterterm storage from hours to a few days at maximum.
From an operations standpoint, it is beneficial to
install various storage technologies with each other, as
one can be dedicated to managing short-term loads at high
efficiency (battery storage or TES) and the other is
dedicated to seasonal storage (hydrogen storage) and only
scheduled to operate after the battery or TES are fully
charged. From a controls standpoint, the integration of the
battery and thermal storage is also important as the
devices can be dedicated to demand response to meet
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short-term demands as P2G manages the seasonal
variation with long-term storage.
P2G is the storage type of choice when it comes to
reducing emissions and maximizing utilization of
installed renewables, however the technology comes at a
very high cost. With the high combined cost of
electrolysers, compressors, hydrogen storage, and fuel
cells, the costs for P2G storage is economically
challenging at this time. As the costs of these technologies
drop in the future and as their efficiency improves, P2G
could become a more cost effective solution. It also may
favour cases that have a higher ratio of electricity demand
to heating demand as the fuel cells have a higher electrical
efficiency than other types of CHP technologies. As
buildings in Switzerland are proposed to be retrofitted
according to the Swiss energy strategy (Prognos AG,
2013), the ratio of heating demand to electrical demand is
predicted to drop, thus potentially making P2G a more
attractive solution in the future.

Future Work
In this work, P2G is assessed for using hydrogen as a
direct fuel for fuel cells. In the next steps the methanation
process, in which hydrogen can also be converted to
synthetic methane, will be included in the model.
Synthetic methane can be used in place of natural gas and
injected into gas grids without restriction, thus more CHP
technologies, such as a combined cycle heat and power
plants, micro gas turbines, or internal combustion engines
will be included in the model. In the next developments
of the model, these technologies will be included in the
optimization to investigate different P2G configurations.
Several other municipalities will be investigated as
alternative case studies with the same methodology.
These municipalities will represent rural, sub-urban, and
urban areas, to assess P2G and other storage technologies
in different communities.
Lastly, future scenarios and sensitivity studies for the
years of 2020, 2035, and 2050 will be included in the
analysis to assess if the economic feasibility and
performance of P2G improves at these future dates.
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