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Abstract

Power-to-gas (P2G or PtG) technology can provide energy storage capacity to the energy system by converting excess electrical
energy into hydrogen and feeding it into the natural gas network, where it can be stored. However nowadays hydrogen feed-in
has to be limited to certain percentages in order to keep the characteristics of the resulting gas mixture (i.e. heating value) within
the national standards. For P2G plants in urban areas this can strongly impact the economic viability. This paper investigates the
use of on-site storage and model predictive controls (MPC) to ease the negative effect of restrictions in the gas and power grid
on the economics of P2G systems. Three different use-cases for P2G in an urban setting are considered: Optimal utilisation of
renewable electricity produced within the boundaries of the city, optimised electricity purchase at the spot market and optimal
usage of electric network. MPC is compared to an optimised rule-based control approach. Results show that both controls can be
used to meet the objectives and operate the power-to-gas plant. However, the MPC approach results in a smoother operation of the
plant and significantly improved economic performance in all cases and is recommended. The results indicate the beneficial effects
of on-site hydrogen storage on system operation and economics. For the investigated cases a storage capacity around 6 full load
hours of the electrolyser was sufficient to improve results significantly.

Keywords: Flexibility, Power-to-Gas-Stations, Model predictive controls, Renewable Energy Management, Urban Energy
Systems, Smart Grid, Hydrogen, feed-in, feed-in-restrictions
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1. Introduction and motivation

For most countries decarbonisation of the energy system re-
quires changes across all energy sectors [1; 2]. In the electric
sector the replacement of fossil fired power plants with renew-
able electricity generation leads to challenges such as balancing
the fluctuations of wind and photovoltaic (PV) on different time
scales. Storage will be needed to avoid curtailment during pe-
riods of high renewable electricity generation [3], to provide
base-load electricity using renewable sources [4], and to sup-
port a stable operation of the electric grid [5].

Power-to-gas (P2G) systems, based on water electrolysis can
convert available renewable electricity and water into hydro-
gen and oxygen. For this process alkaline water and proton-
exchange membrane (PEM) electrolysers are commonly used
[6]. The produced hydrogen can be used in different applica-
tions, such as industrial processes, mobility or electricity gen-
eration using turbines, combustion engines or fuel cells. Fur-
thermore the generated hydrogen can be fed into the natural
gas network directly or after a methanisation step. Feeding hy-
drogen into the natural gas network makes existing natural gas
storage caverns accessible for seasonal storage [7-9].

Today’s P2G stations show a capacity of several MW, and
are mainly located in the proximity of natural gas pipelines, in-
dustrial sites and wind farms. However, decentralisation of the
energy system might lead to situations where P2G stations will
be installed to provide storage (or more precisely flexible shift-
ing of negative residual load from the electric sector to other
sectors) in micro-grids, smart energy regions and cities or en-
ergy independent neighbourhoods. Decentralised distribution
of P2G stations included into urban energy systems may be an
alternative to large scale, centralised approaches.

Such a setting is investigated in this presented work, where
a P2G unit is part of an urban energy network, shown in Fig-
ure 1. The urban energy system consists of a wind array of 7.2
MW, a solar PV array of 2.5 MW, a base-load biomass plant
and distributed CHP units located at industrial sites. The P2G
unit is located within the city boundaries of Freiburg, Germany
and connected to a natural gas line, which supplies a residential
area. For this case restrictions in the electric grid and the local
gas network have to be considered.

Although the electric network at this site is sufficiently strong
to connect the P2G unit, operation during peak load hours is
to be reduced to postpone reinforcement of the electric infras-
tructure. Generally transformer capacity and line capacity can
limit the allowed installed capacity or the operation of a P2G
unit. When operated in a grid friendly way, P2G can be used
to reduce feed-in peaks of PV and Wind or provide ancillary
services to the network as shown in [10; 11].

In an urban setting restrictions in the gas network are an im-
portant parameter to consider when selecting a site as indicated
by the results of [12]. In Germany, the operator of the gas net-
work guarantees a stable quality of the natural gas in his net-
work. Thus a frequent requirement - at least nowadays - is
that the amount of hydrogen in the gas network may not ex-
ceed 2 vol-% [13-15]. This requirement leads to limitations
in the allowed feed-in and thus the economic performance of
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Figure 1: P2G stations as part of an urban energy system as will be demon-
strated in the city of Freiburg, Germany.
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decentralised P2G stations.

On-site hydrogen storage can act as a buffer and provide flex-
ibility so that the negative effect of grid restrictions to unit op-
eration can be eased. For this purpose adjusted controls of the
P2G unit are needed. This work investigates to what extend net-
work restrictions, storage size and control strategy influence the
technical and economic performance of a P2G plant in different
use-cases.

The results of this study are used to select a control strategy
and a preferred use-case for a real P2G unit located within the
city of Freiburg, Germany.

1.1. Past work: The role and potential applications of P2G in
the future energy system

Previous studies focus has been on investigating the role of
P2G in the future energy system. This was done by using struc-
tural optimisation or scenario based simulation approaches.

In [7] a scenario with a 100 % renewables is discussed, where
electricity generated by hydrogen provided by P2G contributes
up to 10 % to the total supply and is considered an important
storage technology in the future power system.

In [4] different scenarios for Germany 2050 are simulated.
The authors show that depending on the scenario more than
20% of all fuels might be produced in a renewable way us-
ing P2G. In this scenario, the share of renewables in electricity
consumption is more than 75 %.

The ability of P2G-stations to integrate renewable electricity
is demonstrated in [5]. This study shows, that for a 85 % renew-
able energy scenario in Germany, up to 12 GW of P2G could be
installed. The authors state that plants should be located close
to wind farms for reducing power flows in the transmission grid
[16].

The cost optimal structure of a fully renewable energy sys-
tem of a model region in Germany is investigated in [17]. It is
shown that going 100% renewable is possible with and without
P2G technology. However including P2G as long term stor-
age significantly reduces levelised cost of energy LCOE of the
system. The authors highlight the importance of decentralised



solutions for the energy system and sector coupling. Battery
storage and power to heat (here only direct electric heating) are
seen as viable parts of a storage portfolio.

Study [18] investigates the use of P2G as energy storage in a
smart grid context and compares it to other storage technology
using an analytical hierarchy process. The study highlights po-
tential benefits of P2G by providing ancillary services, seasonal
storage on a large scale and an efficient energy transportation
infrastructure with losses around 0.001% per 1000km.

Study [19] puts a focus on integrating P2G in urban energy
systems, here highlighting the importance of the heat sector.
The authors state the importance of middle and high temper-
ature heat that can be generated by CHP units, gas-boilers and
gas driven heat pumps using methanised hydrogen, which in the
investigated case can be produced by surplus renewable elec-
tricity on city level.

Another stream of studies explores the use of P2G in exem-
plary applications in the context of providing services to the
electric grid. The studies mostly are combined with economic
evaluation of the investigated case.

In [3] the combination of P2G with wind and gas power
plants is examined. It is shown that curtailment of wind tur-
bines and the need of balancing energy are reduced significantly
if P2G is included in the system. However the positive effects
in terms of CO, reductions are reduced by the use of the gas
turbine.

In [11] P2G is used to provide balancing services to the elec-
tric grid (in this case primary reserve) in France. The study
demonstrates the capability of P2G to provide fast response ser-
vices to the grid. The importance of the economic boundary
conditions are highlighted and difficulties finding an economic
use case are reported.

An isolated energy system consisting of electrolyser, hydro-
gen storage, wind turbine, PV and battery system is investigated
in [20]. A high level controller manages the production of hy-
drogen and its conversion back into electricity according to the
availability of renewable electricity and the demand. The study
highlights the importance of advanced controls and the poten-
tial of such a system to provide flexibility.

In [21] three different use-cases for a 6 MW, P2G unit are
investigated: optimised purchase of electricity at EEX spot mar-
ket, reduction of balancing energy costs and participation in
control reserve markets. It is shown that depending on the use-
case and full load hours, hydrogen generation costs vary signif-
icantly.

The work of [10] shows the potential of a fuel-cell and an
electrolyser system to reduce forecast errors for wind farms and
the associated need for balancing energy and costs. Provision of
secondary operating reserve is studied with respect to different
bidding strategies. The study shows an economically interest-
ing use-case but indicates that finding viable business cases for
P2G is still critical.

The optimal sizing and operation of an off-grid system of
electrolyser and battery to produce hydrogen from photovoltaic
electricity is investigated in [22]. Hydrogen is fed into the
gas network. MILP is used to obtain the optimal solution. It
shows that - for the given assumptions - building a set of small,

medium and a large electrolyser and only a small battery is the
cost optimal solution.

In [12] sizing and operation of a P2G plant to absorb excess
electricity from a wind farm are discussed for an urban setting
is demonstrated. The produced hydrogen is fed into the gas
network. The study highlights the influence of seasonality of
gas flow in the network and the need for on-site hydrogen stor-
age capacity. For the given case a storage capacity of 600kg
is recommended for a 4MW(, electrolyser unit to overcome re-
strictions in the gas network.

P2G applications in the energy system have been demon-
strated in numerous research projects listed and studied in [23—
25]. The individual projects differ by the type of connection
to the electric grid (on-grid/off-grid) and the gas network (feed-
in/no feed-in), the existence of on-site hydrogen storage and the
usage of the generated hydrogen. The majority of projects is lo-
cated in the proximity of wind farms and PV arrays. Systems
are combined with a battery stack used to counterbalance fast
fluctuations, on-site hydrogen storage, a gas turbine or a fuel
cell. 24 % of the projects listed in [25] are connected to the
electric grid.

Reading through the above articles carefully it is found that
most presented cases struggle with economics even in using
idealised assumptions. As a conclusion this means that solu-
tions (as presented in this work) that have the potential making
P2G more economic are needed.

1.2. Contribution of this work

Most previous studies focus on P2G stations on multi MW,;-
scale, located at ideal spots, where no restrictions in the gas
network or the electric grid apply. However, decentralisation of
the energy system might lead to situations where P2G stations
will be installed in micro-grids or urban energy systems where
restrictions apply. Hence, providing solutions for an improved
integration of P2G units at this system level is essential. Fur-
thermore it is shown that solutions that improve the economic
viability of P2G systems are highly welcomed.

Consequently this work focuses P2G in an urban context
where restrictions in the energy networks apply. On-site stor-
age and improved controls are investigated to overcome net-
work restrictions. A linearised model predictive control (MPC)
approach, that can be used in other P2G applications (i.e. to
keep expensive on-site hydrogen storage to a minimum), is pre-
sented and shown to improve economic performance signifi-
cantly. Different storage capacities are evaluated to provide
knowledge on how to best size P2G units in such a setting.
Validated models are used and the resulting controls will be
deployed on a real unit.

2. Models, controls and indicators

This section presents the models, methods and indicators
used for simulation and interpretation of the results.
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Figure 2: System description of the P2G test site at Fraunhofer ISE in Freiburg.

2.1. System description

The investigated P2G system is shown in Figure 2 and is
to be installed at the test site at Fraunhofer ISE, within the
city boundaries of Freiburg, Germany. It consists of a PEM-
electrolyser stack converting water into hydrogen and oxygen,
a gas cleaning unit, on-site hydrogen storage and a feed-in sta-
tion to the gas network. The P2G unit is connected to the lo-
cal electric grid and the gas network. The (DC-)electricity for
the PEM-electrolyser is provided by a rectifier. A cooling-unit
provides constant working conditions for the electrolyser. The
feed-in unit connects the P2G station to the natural gas network.
Real-time measurements of hydrogen feed-in and the gas-flow
through the network make sure that the unit is operating within
the gas network restrictions.

A hierarchical control infrastructure is used to operate the
P2G unit. A high level controller generates set-points for hy-
drogen generation and feed-in and a low level controller is in
charge of operating the unit according to the set points.

2.2. Simulation set-up

The simulation framework for the P2G unit consists of two
components:

1. P2G unit model: Detailed models of the electrolyser and
the storage are used to calculate the response of the P2G
unit towards different control signals and boundary condi-
tions. The models account for system dynamics, unit ef-
ficiency, hydrogen production of the electrolyser and stor-
age SOC depending on pressure, environmental tempera-
ture and mass of hydrogen stored.

2. High level controller platform: A model predictive con-
troller (MPC) and a rule-based controller (RBC) are im-
plemented. Both calculate the operation of the system at
each time step and define set-points for hydrogen gener-
ation and feed-in. These set-points are transmitted to the
lower control level represented by the internal control of
the electrolyser. Both high level control approaches make
use of a simplified electrolyser model to calculate the con-
trol actions. Additionally the current state of the P2G unit,
storage content, ambient temperature, electricity price, al-
lowed maximum hydrogen feed-in, state of the electric
grid and available renewable electricity are used to calcu-
late the control actions.

The P2G model and controls are explained in the following.

2.3. Models used

The simulation model of the P2G unit consists of the elec-
trolyser model and a model for the hydrogen storage.

2.3.1. Electrolyser model
The relationship between hydrogen production and electric-
ity consumption is shown in Figure 3(a). The data used is taken
from field measurements of a PEM electrolyser. It can be seen
that hydrogen production needs a certain minimum threshold
to begin. In this case, hydrogen production starts at 55 kW,
which corresponds to 18 % of the nominal power. Note that
this this value is rather high for the given unit and generally de-
pends on the individual characteristics of the used electrolyser.
The measured flow of hydrogen in terms of standard cubic
meters per hour ¢y, is converted into a thermal power equiva-
lent Py p, using the Higher Heating Value (HHV) for hydro-
gen:
Pin, =HHV - gu, (W] (D

In this work HHV is set to 12.75 MJ/Nm? [26].
Figure 3(a) also shows that the relation between electric
power and hydrogen production is mildly non-linear. It is mod-
elled using the following regression model, valid above the
minimum operation threshold with Py representing the elec-

trolyser’s electric power demand:
Pth,Hz =-8- 1077 : Pezl,ely

Wl @
+ Pty — 16.5 - 10°

For the current study a simplified approach for start-up and
shut-down procedures was chosen to represent the dynamic
characteristics of the plant, which are non-linear and strongly
plant- and manufacturer-specific. Dynamics are modelled by
considering three different operation states and corresponding
limitations in ramp-rate and minimum run or pause times. The
considered states are:

1. Start mode: If the power consumption is smaller than the
minimum power, the power changing rate is defined by
Tstart, Which is smaller than the nominal power changing
rate.

2. Nominal reaction mode: Between minimum power con-
sumption and nominal power, the electrolyser can react
with 7pom.

3. Shut-down mode: If the electrolyser is switched off, it re-
duces its power consumption with a shut-down rate rgq.

The parameters needed to describe the different power ramps
are listed in Table .1 in the Appendix.

The validation results for the used regression shown in Fig-
ure 3(a) and 3(b) show an R2 of over 0.98 and a relative error
mostly below 10% indicating a good quality of the used fit.

Figure 3(c) compares the dynamic behaviour of the electrol-
yser model with measured data, following varying power set-
points. The sequence demonstrates that the system dynamics of
the simulation model correspond well to the real unit.



e Measured
Model: R? = 0.988

200 -

H>-Production in kW,
= =
o w
o o

o
=]

0 50 100 150 200 250 300
Power consumption in kWe,

(a) Modelled and measured relationship between electrical power and hydro-
gen production.

250-
e H,-Production

= = N
o o =3
S o S

Hy-Production (model) in kW,

%
=]

25 50 75 100 125 150 175 200 225
Hx-Production (measured) in kW,

(b) Comparison of measured and simulated hydrogen production. Dashed lines
represent the 10 % deviation corridor.

/— —— Setpoint power
S 250- ) —— Power ely measured
] -
= - \ f‘ Power ely model
£ / Ve \
§ 200- \\
g \ [
3 /, \
g 150 ‘ AV, L
\ A/ \
S . \
£ 100 7 r
& - e 1§
J _—
50 ] i ]
ISY ISY IS) IS} ) S} S ISY
g 0 ¥ 9 S o v ”
8 8 3 3 3 3 3 N
Time in HH:MM
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Figure 3: Modelling and validation of the electrolyser.

This model was scaled to a factor of 2 for this study (see
Table .1 in the Appendix) and is going to be used in further
simulations.

2.3.2. Hydrogen storage model

The temperature of the hydrogen in the storage influences the
maximum storage capacity as storage pressure has to be kept
within the design conditions. The temperature of the hydrogen
in the storage is calculated using an non-stationary energy bal-
ance for the tank. The change of the temperature is dependent
on the thermal mass of the storage construction, the current hy-
drogen content in the storage and temperature of the surround-
ing. Given the temperature of hydrogen and the storage content
and volume, the pressure is calculated using the Van-der-Waals
Equation [27].

2.4. Controls

Two different control strategies are implemented. Both set
the current hydrogen production considering electricity and gas
prices, the availability of renewable electricity and network re-
strictions into the calculation of the controls. The control strate-
gies use a simplified model of the P2G plant for calculating the
control decisions.

2.4.1. Rule-based controller (RBC)

The rule-based controller (RBC) calculates the control deci-
sion based on thresholds. If a certain threshold according to
Table .1 is undercut (EPEX-price, grid load) or exceeded (re-
newable energy feed-in), hydrogen production is started. The
hydrogen content W in the storage for the next time step ¢ + 1,
given the current set-point Py and feed-in Py feeq is calcu-
lated to:

Wig1 = (Mety - Pty — Peeasr) - At + Wy [J1 (3)

To determine the maximum allowed hydrogen production,
Equation 3 is transformed to:

Wmax - Wt - -Pth,feed,t - At
Tlely - At

Pel,max,t = [W] (4)

Correspondingly, the maximum possible gas feed-in is set in
Equation 5 using the minimum storage content as a lower
boundary

Wt - Wmin + Nely - Pel,set,l - At

AL W] (5)

Rh,feed,max,t =

2.4.2. Model predictive controller (MPC)

The second implemented control approach is a model predic-
tive controller (MPC). Based on a system model, the measure-
ments of the actual storage content (system states) and predic-
tions about the costs and gas flow in the network (boundaries)
are used. The MPC calculates the set-point trajectory over the
entire prediction horizon using linear optimisation. The set-
values are power consumption of the electrolyser F.1y and gas
feed-in Pip feeq. For each time-step the relevant part of the opti-
misation result is transmitted to the P2G unit as set-point.



The objective is to minimise a cost function [ for every op-
timisation step k within the prediction horizon N,, which is
defined as follows:

U(k, Pk, Pinfeedx) = Ceix - Peix

[EUR] (6)
- Cgas,k : Plh,feed,k

with ceix and cgy ) TEpresenting the electricity and gas prices in
timestap k respectively. The optimization horizon is is set to
a time window of 24 h or 24 time steps (N, = 24) for time
intervals of 60 min. The overall cost function is

Np—1
pooin J(k, B, P feca) = > Uk, Pax, Pageeax) (1)
el £ th,feed k=0

Gas prices are assumed constant throughout the 24h time
window. This might not be entirely true but compared to
price fluctuations of the electricity market this is considered
an acceptable assumption. Therefore the key parameter to
be changed are the costs of electricity cex depending on the
consumed power. So, the model-predictive-control optimises
Equation 6 with respect to Py and delivers an operation
schedule to the internal control of the electrolyser for the next
N time steps [28]. This schedule is updated every time step
using updated predictive data and the current system state.

To promote the use of renewable energy or penalise the op-
eration in hours of high load in the electric distribution grid the
price in the MPC algorithm is modified in those cases to:

Cek = —m - Xx +cg  [EUR/MWh]  (8)
where x(t), is a dynamic weighting factor. m and ¢y are tuning
parameters.

co is calculated using the average efficiency of the electrol-
yseur 71y and the gas price. It represents the highest price for
electricity, where operation of the electrolyser is still profitable,
which corresponds to the thresholds used in the RBC. At this
exact price, revenues from selling gas exceed the costs for elec-
tricity purchase.

Co = Cgas * Tlely [EUR/MWh] (9)

To optimise operation for the best usage of renewable electricity
the price is adjusted by X(t)gg using:

PRE,k - PRE,nom,k

B 1 (0

XREk =

To optimise operation towards avoiding high loads in the
electric grid the price is adjusted x(t)g i using:

Parnomk — FPorx

P -] an

XGLk =

To obtain a physically correct and technically feasible so-
lution the optimal control problem is subject to a number of
constraints.

The energy content of the storage W, x at each optimisation

step k is calculated recursively by:

Witoke1 =("ety - Perx — Pnfecak) - At 0 (12)
+Wsto,k
The maximum and minimum storable energy, defined as
Wito.mink and W maxx 1 checked by:

Wsto,min,k S Wslo,k S Wsto,max,k [J] (13)

The maximum allowed hydrogen feed-in at the gas network
P griamax has to be respected at any time:

0 < Peedk < Pingridmaxk (W] (14)

The operational limits of the electrolyser Pyjeiymax have to
be respected and electricity consumption must not violate the
restrictions present in the electric network Fej grid maxk:

0 S Pel,ely,k S min(Pel,ely,maxa Pel,grid,max,k) [W] (15)

2.5. Key performance indicators

A set of key performance indicators (KPIs) is used to com-
pare the controller performance for each use-case. Those are:

e Contribution margin (CM): Calculated as the difference
between the revenues achieved by selling of Hy-gas and
the costs for buying electricity. Further maintenance and
operating costs as well as investment costs are not consid-
ered.

e Full load hours (FLH): Full load hours are used to evaluate
the run-time of the unit.

e Hydrogen feed-in: The amount of hydrogen that was fed-
in in the gas network. Depends on the consumed power
and the full load hours.

o Self-consumption: The share of locally generated renew-
able electricity that is consumed for hydrogen generation.
An increasing self-consumption decreases the electricity
surcharges paid if there is a direct connection of the P2G
plant to the renewable power generation plants.

e Relative control error: The deviation between the set-point
transferred to the P2G unit and the realised power con-
sumption is used to evaluate controller performance.

N
Zk:l |Pel,e1y,sel,k' - Pel,ely,k:
N
Zk:1 Pel,ely,k

err =

-] (16)

3. Results

This section presents the simulation results of the P2G unit
in different use-cases.



3.1. Simulated cases

The unit investigated in this study is located within the city
boundaries of Freiburg, Germany, connected to the electric grid
and the local gas network. Within the city of Freiburg a 7.2 MW
wind park and a 2.5 MW PV array are present and it is possible
for the unit to purchase electricity from the spot market. Hence
operation of the P2G unit is investigated for three different use-
cases, that have been identified relevant when integrating P2G
into an urban energy system. Those are referred to as:

1. Reference: Neither electricity prices, nor renewable feed-
in, nor limitations in the electric grid are taken into ac-
count. The electrolyser operates whenever the network re-
strictions allow it. To reduce the number of starts a dead-
band control approach with respect to the storage content
is applied. The maximum possible amount of hydrogen is
fed into the gas network.

2. Electricity price: Time variable electricity prices based
on the EPEX day ahead price for electricity are used for
the optimisation. Neither usage of renewable electricity,
nor limitations in the electric grid are taken into account.
Hourly electricity prices are obtained from EPEX day-
ahead [29], shown in Figure 4(b).

3. Renewable energy: No electricity prices are considered
for the optimisation, but renewable electricity from a lo-
cal wind farm and a PV plant is used. Renewable electric-
ity generation data of the 7.2 MW wind park and the 2.5
MW PV array data is provided by the local distribution
grid operator. Operational target is to maximise the use of
renewables.

4. High grid load: Neither electricity prices nor renewable
feed-in is considered for the optimisation, but presence of
limitations in the electric grid during hours of high load are
taken into account. Data for the load of the electric distri-
bution is obtained from the local distribution grid operator
[30].

Each use-case is simulated for five different hydrogen storage
capacities, the rule-based controller and the MPC. The simula-
tion parameters are listed in Table .1 at the end of this article.
The maximum allowed amount of hydrogen feed-in to the natu-
ral gas network is based on measured data of the year 2015 pro-
vided by the gas network operator and is shown in Figure 4(a).

3.2. Influence of controls

To illustrate the operation of the model predictive controller
Figure 5 shows an exemplary sequence of 48 hours for opera-
tion of the P2G plant during winter and summer for the Electric-
ity Price use-case. In both cases the storage is charged during
the low price periods and discharged during the following hours
to be at the minimum pressure needed for feed-in. Comparing
the summer and winter sequence three things can be observed
1) Prices and maximum allowed feed-in are higher in the win-
ter sequence, 2) Higher maximum allowed feed-in leads to a
longer operation of the electrolyser during low price periods in
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Figure 4: Time series of maximum hydrogen feed-in and electricity price used
as input data.
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Figure 5: Exemplary sequence for operation of the P2G unit in the price use-
case.

winter than in summer 3) During summer time feed-in is close
to maximum allowed feed-in for most of the time.

To highlight the difference between the RBC and MPC oper-
ation of the P2G unit, the operation of the electrolyser over the
whole year is shown in Figure 6 for the case of variable electric-
ity prices. It can be seen that both controls respond differently
to the prevailing electricity prices.

Using the RBC the P2G unit operates when prices are below
the threshold. This results in frequent part load operations as
storage capacity and restrictions in the gas network limit pos-
sible hydrogen generation. Additionally RBC leads to frequent
on-off-switching of the plant during summer. This leads to the
on-off pattern in electric consumption seen in Figure 6(a). In
case of an almost fully charged storage and restrictions in the
gas network, the minimum electrolyser power can not be met
and power is set to zero at this time step. The electrolyser is
started the next time-step when it is technically possible. This
process continues as long as gas network restrictions are strict
and hydrogen production is economically viable. On-off cy-
cling as observed by the RBC is not favourable as frequent cold
start-ups might lead to ageing of the device and add unwanted
fluctuations to the local electric grid. Further improvements to
overcome this problem for a RBC have to be made.

In contrast to the RBC the MPC operates the P2G unit pre-
dominately in the early morning and during noon hours where
prices are lowest. On-off-Cycling is reduced by using the hy-
drogen storage in an optimised way. The MPC detects and ex-
ploits minima in price and operates the plant more frequently at
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Figure 6: Operation of the electrolyser for every hour of the year in the price
use-case for the rule-based controller (RBC) and the model predictive controller
(MPC).

its nominal capacity and the present restrictions in the gas and
electricity network. However the overall amount of produced
hydrogen is higher if RBC is used. A reason for this is the mis-
match between plant and model discussed in Section 3.5.

With RBC, relative control errors can be avoided completely,
but lead to frequent start-stop processes as the state of charge
is high on average. MPC shows a more continuous operation
consisting of mainly two start-stop sequences during a day.

Controller performance has been discussed in this Section us-
ing the findings of the price use-case. With respect to controller
performance the other use-cases show similar results. However,
operating hours within the day and annual values are changed
depending on the use-case.

3.3. Influence of network restrictions

Figure 7 shows the influence of the network restrictions on
selected KPIs for a storage of two full load hours. The pre-
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Figure 7: Influence of restrictions in the gas network on selected KPIs. Values
are shown as relative numbers compared to the reference case without network
restrictions. For simplicity Contribution Margin (CM) only considers electricity
purchase and hydrogen sale.

sented numbers are annual values, calculated for the reference
case and the variable electricity price use-case. It can be seen
that contribution margin is reduced by almost 65 % in the ref-
erence and more than 60 % in the price use-case, due to restric-
tions in the gas network. Full load hours are reduced by more
than 65 % when restrictions are applied. The negative effects of
the restrictions in the gas network are clearly visible.

If MPC is used the effects of network restrictions can be de-
creased. Although FLH are reduced by factor 4 when restric-
tions are applied the overall margin in the price use-case is only
55 % smaller in the MPC case, whereas in the reference case
it is reduced proportionally. This highlights the ability of the
MPC to operate the P2G when it is most profitable while tak-
ing into account the restrictions and the limited capacity of the
on-site hydrogen storage.

3.4. Influence of use-case and storage size

The annual results for the restricted use-cases are depicted
in Figure 8. It shows that controls and storage capacity both
influence the results. The larger the storage the better the per-
formance of the MPC scheme.

Full load hours of the plant are depending on the available
storage capacity, as with larger storage capacity more hydro-
gen can be stored up during times when incentives are high and
released to the gas network whenever possible.

In the reference use-case, the electrolyser is merely con-
trolled to produce hydrogen whenever possible. This leads to
a match of feed-in and the gas network restriction and repre-
sents the maximum possible hydrogen production for the P2G
unit at this location. As it is shown the overall amount of pro-
duced hydrogen does not necessarily result in higher revenues
and contribution margins.

Besides the price use-case, the grid load use-case provides
considerable revenues that are comparable to the price use-case.
This is due to a good correlation of load in the electric grid
and spot market prices. In the reference case, revenues are the

lowest. The main improvement by using a MPC therefore lies
in reducing costs for the storage and a higher overall revenue.

Only a small fraction of the available renewables could be
used on average, which can be seen in self-consumption rates
which do not exceed 10 percent. This is due to the high ratio
of installed renewable power (approx. 10 MW) and nominal
power of the electrolyser (0.5 MW) plus the prevailing network
restrictions. Higher self-consumption can be achieved either
by increasing the nominal power of the site itself, or by less
tight gas network restrictions. Additionally, self-consumption
could not be increased if MPC was used compared to scenarios
with a RB-controller. However, using the MPC the P2G unit
is operated during time periods where incentive maxima occur
and thus the need for storage can be interpreted as highest. This
could be interpreted as a more system friendly operation.

Power consumption during times with a grid load above
FGr.nom could be avoided completely, if the GL-use-case is
used. In the renewable use-case, this parameter is significantly
high, which is due to a good correlation of PV-feed-in and grid
load.

The overall control error was decreasing with increasing stor-
age size, if MPC was used. For RBC the error was insignificant.
Increasing storages led to decreased control errors, which is due
to simplifications in the optimal control model, which are dis-
cussed in the following.

3.5. Influence of plant-model mismatch

The results show that applying MPC improves both revenue
and performance of the electrolyser itself. Still, effects of plant-
model mismatch between the detailed system and the optimal
control model could be observed. They significantly contribute
to the relative control error (see Figure 8).

In the detailed model a minimum hydrogen production rate
is needed for the electrolyser to operate, leading to hybrid sys-
tem characteristics. This is true for the feed-in-plant as well.
Nonetheless this is neglected in the optimal control model to
avoid mixed-integer characteristics. Values below the minimum
operation rate that result as a set-point from the optimisation are
set to 0 in a post-processing step, leading to a control error par-
ticularly in times with low gas flow in the network. It shows
that when storage is added to the system the control error is re-
duced significantly. In this case the P2G unit is operated more
frequently at high loads when economic conditions are good,
which not only decreases the relative error but also decreases
the cumulated energy consumption for MPC.

A further source for mismatch are differences in system dy-
namics, particularly the possible ramping rates and cold start-up
time for the detailed system model. Dynamic inaccuracies, that
occur when set-points are changed, are small compared to those
resulting from ignoring the hybrid system characteristics. One
reason for this is that the optimal control problem is solved on
an hourly base and hence set-points are only changed in this
interval.
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4. Conclusion

This work investigated the effect of restrictions in the gas
network and the electric grid on a power-to-gas station located
in an urban area. Adjusted controls and on-site hydrogen stor-
age were tested in a simulation study as a solution to at least
partially compensate network restrictions. Three potential use-
cases were considered: 1) Maximisation of renewable electric-
ity use, 2) optimised operation at the electric spot market, 3)
optimised operation to reduce high load in the electric grid. A
model predictive and a rule-based control were used to optimise
the operation of the power-to-gas plant.

Imposing gas network restrictions led to a reduction of hy-
drogen production by more than 65 %. Simultaneously, annual
contribution margin was reduced likewise. Hence selection of
the location of the P2G unit has to be done with respect to those
restrictions.

If restrictions apply, local storage should be added. Increas-
ing the capacity of the on-site storage improved the perfor-
mance of the P2G unit in all cases. However, it could not fully
extinguish the negative effects of network restrictions. For the
investigated cases most positive effects can be yielded with a
storage capacity of about 6 full load hours of the electrolysis
unit.

For an improved operation of the P2G unit and on-site stor-
age, model predictive controls (MPC) are recommended. By
applying MPC as control strategy, revenue could be signifi-
cantly increased in all cases. Results show that, depending on
the use-case, using MPC instead of RBC leads to 31 % higher
annual contribution margin and up to 48 % less cold start cycles
of the plant. Furthermore full-load-hours were increased as well
which is important for CAPEX-intensive plants like electroly-
sers.

Although this approach compensated the effects of gas grid
restrictions at least partially it was not possible to reach the
original level of contribution margin and full load hours for
unrestricted feed-in. Reduction of restrictions is still deemed
the best approach even if that approach might be impossible in
many urban settings.

Apart from P2G the chose control approach might improve
the use of electrolysers in other sectors (i.e. on-site supply of
industry or mobility) where restrictions from the demand side
apply, as well.

The presented control strategy will be implemented in the
P2G unit on the test site at Fraunhofer ISE Freiburg.
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Model parameters

Description Variable Value Unit
Nom. RE feed-in power PRE nom 0.0 MW
Nom. high grid load PGL nom 200.0 MW
Scaling factor power Py 1 MW
Nom. EPEX-price co 37,5 €/MWh
Gas price Cgas 60.0 €/MWh
Efficiency factor ely Nely 70.0 %
Scaling factor m 1.0 €/MWh
Power start rate Tstart +5.0 kW/s
Power nominal rate Tnom + 6.7 kW/s
Power shut down rate Tsd —13.3 kW/s
Min. set-point Power Pl elymin 110.0 kW
Nominal power Pl elynom 500.0 kW

Table .1: Model parameters used in the simulation study.
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