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Abstract

Hydrogen could become a significant fuel in the future especially within the
transportation sector. Alkaline electrolysers supplied with power from renewable
energy sources could be utilised to provide carbon free hydrogen for future hydrogen
filling stations supplying Hydrogen Fuel Cell Vehicles (HFCV), or Internal
Combustion Engines (ICEs) modified to burn hydrogen. However, there is a need to
develop and use appropriate strategies such that the technology delivers greater

economic and environmental benefits.
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In this work, the use of alkaline electrolysers to increase the capacity of integrated
wind power in existing radial distribution networks is explored. A novel optimisation
approach for sizing, placement and controlling electrolysers has been introduced,
and its performance is assessed through modelling using a United Kingdom Generic
Distribution System (UKGDS) case study. The controller objective is to dispatch
alkaline electrolysers appropriately to maximise the total amount of profit from selling
hydrogen and reduce the losses within the network while considering the realistic
characteristics of pressurised alkaline electrolysis plants and satisfying the power
system constraints. The impacts of increasing wind power capacity or the initial size

of hydrogen filling stations on the results have been investigated and discussed.

Keywords: Alkaline electrolyser; Renewable power; Active network management;

Distribution network; Hydrogen station; Extended optimal power flow

Nomenclature:

0% is the n,, x 1 vector of voltage angles at the time interval of ‘k’

ANM Active Network Management
ASDL Aggregate Station Demand Limit (MW)

B The set of bus numbers within the network
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C; Cost function coefficients
Capital The capital cost of an electrolyser in £/ MW

Df The amount of demand (excluding the demand of electrolysers) in MW on bus

‘i’ of the last feeder (from bus 53 to bus 77) at the current time step ‘K’

AE; 5% The percentage reduction in the total energy loss on the distribution

network during the simulation

DER Distributed Energy Resources

DG Distributed Generator

DNO Distribution Network Operator

DSM Demand Side Management

Eyyy is the Higher Heating Value (HHV) of hydrogen (39 kWh/kg, [1]).
E;,ss Total energy loss during the simulation (MWh)

EXUh The total energy loss on the distribution network in the system with

electrolysers (MWh)

EWVithout The total energy loss on the distribution network in the system without

electrolysers (MWh)

Es;  The total energy delivered to all of the stations during the simulation (MWh)
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ELDikj The demand (MW) of ‘i'th active electrolyser located at ‘j'th active filling station

at the current time step ‘K’

GA  Genetic Algorithm

H 2Pi’j- Hydrogen produced by ‘i’'th active electrolyser located at ‘j’th active hydrogen

filling station (kg)
HFCV Hydrogen Fuel Cell Vehicle

15| The magnitude of current (A) flowing between bus i and §’ of the power

system in the time interval of ‘K’

[I5™| The limit for the current magnitude (A) flowing between bus i and §' of the

power system

ICE Internal Combustion Engine

k The current time interval number in the simulations
Life The lifetime of an electrolyser in years

n, is the number of busses within the network

NE'T  The number of electrolysers at each station

NAEL}‘The number of active electrolysers at active filling station ‘j’ at each time

interval ‘K’

NAS* The number of active stations at the current time interval of ‘k’
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NB  The number of branches on the power system

NDP The number of data points during the simulation (e.g. if the simulation is

carried out for a duration of 24 hours with time interval of 1 hour, then NDP=24)
NS  The total number of filling stations

n{‘j% The efficiency of the ‘i'th active electrolyser in the ‘j'th active station in

percentage

NW  The total number of wind farms placed within the network

OM  The annual operational and maintenance cost of an electrolyser in £/ MW/year

OPF Optimal Power Flow
0SZ; The optimal size of station ‘i’ in MW

Pg" is the active power (MW) from slack bus at the time interval of ‘k’

PL"OSSi The amount of power loss (MW) on branch ‘i’ of the power system at the time

interval ‘k’

Pyin.zr The minimum demand from an electrolyser to stay in active hydrogen

production mode, and it is equal to the minimum demand of a station (MW)

Py The size (nominal demand) of each electrolysis unit located at each filling

station (assumed to be 2 MW here).

Q’g is the reactive power (Mvar) from slack bus at the time interval of ‘K’

5
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Si"j The complex power flow (MVA) between bus ‘i’ and j’ of the network in the

current time interval of ‘k’

|S£|  The apparent power (MVA) between bus i and ' of the power system in the

current time interval of k’
|SH/™| The apparent power limit (MVA) between bus i and § of the power system
SDf  The demand (MW) from station ‘i’ during the current time interval of ‘K’

SD" is the NS x 1 vector of the demand (MW) from stations during the time interval of

"
Ss:  The initial size of each station (MW)

Surplus(k) The surplus wind generation (MW)

Si,  Size of it" wind farm (MW)

t Metric tonne

T The simulation time interval in hours (In this work T=1 hour)
TH2P The total hydrogen produced in metric tonne (t)

TLBp,,,%  The probability of thermal limit violations (%)

TLB, The function indicating whether there has been any thermal limit violation

within the grid at time interval ‘K’
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VE is the n, x 1 vector of voltage magnitudes at the time interval of K’

[V| The magnitude of voltage on bus i’ of the power system in pu in the current

time interval of 'k’

[V™| The minimum limit for the voltage magnitude on bus ‘i’ of the power system

(pu)

|V9*| The maximum limit for the voltage magnitude on bus ‘i’ of the power system
(pu)

VBprop% The probability of voltage constraint violation (%)

VB,  The function that indicates whether there has been any voltage violation

within the grid at time interval ‘K’

W} The output of wind farm ‘" in MW at the current time step ‘K’

x¥* is the optimisation vector at the time step ‘K’

1 Introduction

There is a need to decarbonise the road transportation sector, and there are a
number of primary alternatives, such as battery electric vehicles or hydrogen fuel cell
vehicles (HFCVs), available for our clean future transport, which can replace the

conventional petrol or diesel Internal Combustion Engine (ICE) vehicles. Alkaline



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

electrolysers can be used to produce ‘green’ hydrogen for HFCVs from electricity

generated by renewable power resources [2].

On the other hand, the global capacity to generate wind power is continuously
increasing [3], and the main issue arising from this increase is that the power
systems might not be able to absorb the renewable power generated at all times due
to lack of demand or breach of power network constraints. Transmission networks
are already operating close to their capacity constraints, and adding renewable
power generators at transmission level would require upgrading these networks with
significant investment, so connecting generation to distribution networks has become
more popular. As a result, there is a need to rethink about how to optimally arrange

and operate the assets and devices on the distribution networks [4-6].

Distributed Energy Resources (DER) are generation technologies (typically
renewable generation), energy storage technologies and flexible demand located at
distribution level [4]. Current distribution networks have been designed on a ‘fit and
forget’ basis, so some technical issues could arise due to adding more distributed
renewable generation within the network. Such issues include voltage rises due to
the connection of generators or reverse power flows, which could result in the
violation of network constraints [7]. Therefore, there is a need to make distribution

networks active by inclusion of responsive DER [8].

Active Network Management (ANM) techniques operate the network closer to its

constraints by real time monitoring and controlling of the network parameters, such
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as currents, voltages, Distributed Generator (DG) outputs and responsive or non-
responsive load demands, and therefore their utilisation will allow more renewable
power resources to be connected to the existing distribution networks while
maximising the utilisation of network assets [9]. The current ANM techniques are
listed in [9], which also includes load control and energy storage techniques to

support increasing renewable power generation.

Different storage devices have been explained and compared in details in [10], [11]
and [12], and their applications, advantages and drawbacks are explained in details.
The benefits of energy storage devices from the Distribution Network Operator

(DNO) point of view are listed below [13].

¢ Voltage support

e Distribution losses reduction

e Capacity support and deferral of distribution investment
Obviously, in addition to electrolysers, there are other options in the power system,
such as batteries, fridges or pumped storage devices, which could be used for
Demand Side Management (DSM) purposes, but they are limited, and they are not
always available for participating in DSM. The other issue is that they might not be
suitable for seasonal storage of electricity. However, hydrogen could be stored for a
long period and used as clean fuel in the transportation sector. Therefore,
electrolysers should be considered as one of the options to improve the operational
performance of the electrical grid, especially, in the case that the grid has a high

penetration of variable intermittent renewable power [14].
9
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Most of the published papers in the area of hydrogen production with renewable
power [15-19] make the assumption that the wind turbines or photovoltaic cells are
physically close to the electrolysers, behind the meter, and they only export electric
power to the grid when there is more power available from the renewable sources
than can be absorbed by the electrolyser because it exceeds the electrolyser
maximum power demand. The point is that in real practical applications the
electrolysers, as used in fuel stations for example, are unlikely to be located adjacent
to wind farms or photovoltaic generation plants. The situation is very different if they
are not on the same bus behind the same meter, as the network operator has to deal
with them separately, so there is a need to investigate other scenarios as well.
Moreover, the published papers in this area do not address the problem of sizing or
placement of electrolysers within power systems. This is an important problem as the
benefits of energy storage devices are strictly dependent on their location, sizing and
the control strategy to operate them. Importantly, no one has considered the actual
measured characteristics of alkaline electrolysers so as to realistically model them in

the context of power system operation.

Non-optimal connection of DER could potentially affect the quality of energy supply
and damage power system equipment. It can also result in violation of the power
system constraints [5]. Therefore, the optimal integration of DER is essential to make
sure they would have a positive impact on the network operation. Some optimisation
targets, from the DNO perspective, to integrate storage devices within the power

system, are listed below.

10



191 e Finding the location and number of storage devices.

192 e Finding the size of storage to minimise capital costs [20].

193 e Finding the best load of storage during its operation to minimise the losses on
194 the power system while respecting the power system constraints (thermal and
195 voltage limits).

196 e Maximising renewable power integration.

197 e Minimising the costs of grid upgrade.

198  Solving such problem is usually addressed by using multi-objective optimisation

199 methods [21].

200 Atwa and El-Saadany [22] have proposed a method to allocate energy storage in a
201  distribution system with a significant penetration of wind power to maximise the
202 benefits for the owner of DG and the utility operator. Their strategy tries to size the
203 energy storage devices appropriately to avoid wind power curtailment and minimise
204 the electricity bill. Their analysis compared the annual cost of different energy

205 storage devices considering the total profit for both the utility and the DG owner.

206 Carpinelli et al. [13] have proposed a new cost-based optimisation strategy for the
207 optimal placement, sizing and control of battery energy storage systems on the
208 power system to provide different services such as loss reduction or reactive power
209 provision. Their strategy minimises the whole system costs while considering the

210 energy storage device profit from price arbitrage.

11
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Celli et al. [21] and Carpinelli et al. [23] have proposed methods to optimally allocate
energy storage on the distribution network to reduce losses and defer network
upgrades using Genetic Algorithms (GAs). Their method finds the optimal charge
and discharge pattern of energy storage devices using inner algorithms based on
Dynamic Programming (DP) [21] and Sequential Quadratic Programming (SQP) [23],

respectively.

Babacan|et al. [24] have also used a Genetic Algorithm (GA) optimization method to

reduce the voltage fluctuations caused by PV penetration through deploying battery
energy storage systems, then they have conducted sensitivity studies to examine the
behaviour of the method under varying sizing costs, siting costs and PV

penetrations.

Mehmood et al. [25] have used a genetic algorithm multi-objective optimisation
method to find the optimal location and size of battery energy storage systems with a
view of increasing the lifespan of the batteries and regulating voltage in a distribution

system with wind and solar generators.

Nick et al. [26] have worked on the problem of optimal siting and sizing storage
systems within distribution networks to provide voltage support and reduce network
losses using GA. Although their technique provides promising results, it is
computationally expensive, and due to the non-convex and non-linear nature of the

problem, finding the global optimal solution is not guaranteed.

12
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An alternative approach to GA is Optimal Power Flow (OPF), which is a technique
for optimal operation and planning of power systems [27]. Its aim is to optimise
objective functions such as the amount of losses on the power system by setting
some control variables in an optimal way while satisfying the demand and grid
operating constraints [27]. The extended OPF formulation is a modified version of
the standard OPF formulation, which includes additional variables, costs and/or
equality and inequality constraints [28]. In this work, the utilisation of extended OPF
will be investigated to size, place and control electrolysers in power systems using a

heuristic approach to avoid the complications of control strategies that use GAs.

The novelty of this work is in the strategy and algorithm used to size, place and
control electrolysis hydrogen production stations within a distribution network so as
to increase wind power capacity and network asset utilisation. The actual
characteristics of pressurised alkaline electrolysers, detailed in [29], are used for the
first time to design a realistic control strategy to run them in the power system and
find their impact on the electric network. The effectiveness of the proposed strategy

is investigated through modelling using MATLAB software.

2 Methodology
In this section, a number of hydrogen filling stations with electrolysers and wind
farms will be added to a feeder of a radial distribution network. It is assumed the

electrolysers at the hydrogen filling stations will use some of the surplus wind power

13
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from wind farms to produce clean hydrogen for fuel cell vehicles in a future scenario ,
e.g. next 20-30 years, where there is a significant penetration of HFCVs with a much

more mature and developed hydrogen production and delivery infrastructure.

The electrolysers in this system are assumed to be able to change their demands
dynamically within their maximum and minimum demand limits. It is assumed that
the Distribution Network Operator (DNO) owns and operates the electrolysers, and
there is a communication system between the (DNO) and each hydrogen filling
station that allows adjustment of their electricity demand. The following optimisation
steps are proposed to size, place and control these hydrogen filling stations within a
feeder of a radial distribution network so as to maximise the utilisation of grid assets
while respecting the power system constraints. The aim is to increase the local wind
penetration whilst producing ‘green’ hydrogen for transport using alkaline

electrolysers.

1. A number of wind farms will be added to a feeder of a radial distribution
network without any storage until they breach the power system constraints
during the simulation period or require curtailment to meet the constraints.

2. A number of filling stations with electrolysers will be added to the same feeder
of the network. The stations will have a reasonable distance from each other
and they will not be placed on the same buses as wind farms in order to
reflect locational constraints. Each filling station will comprise a number of
equally sized electrolyser units. The initial aggregate rating of filling stations

will be chosen to be close to the aggregate rating of the wind farms. However,

14
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3.

4.

Fig. 1

after the simulation the minimum size of stations needed to satisfy the
algorithm objectives and constraints will be identified.

An extended Optimal Power Flow (OPF) controller with a primary cost
function will be used to minimise the electricity demand of the filling stations
and distribution losses at each time step while satisfying the power system
constraints. The reason to minimise the demand of each station is to minimise
the final size (hence the capital costs) of each station. The electrolyser
characteristics identified in [29] will be used in the optimisation process. The
electricity demand of each station will be determined by the optimisation
algorithm, and then the demand of each individual electrolyser making up a
station will be determined by a local controller at each filling station.

After running the simulation for a duration of a year, the maximum electricity
demand of each station during the simulation will be used to determine its
optimal rating.

The location of the hydrogen stations on the feeder will be varied and then the
above steps (3 and 4) will be repeated to find the best solution to minimise the
size of stations and network losses while maximising the profit from selling

hydrogen according to an ‘income’ function.

summarises the heuristic optimisation algorithm proposed in this work to size,

place and control electrolysis hydrogen filling stations within a radial distribution

network.

15



295

296

297

298

Select the initial size of
stations based on the size
of wind farms and the
number of stations

v

Select the next location
for the stations from the
set of available locations

v

Run the extended optimal power
flow with the cost function while
considering the network and
electrolyser constraints

A 4

A 4

Use the minimum demand of
each station during the
simulation to find the optimal
size of each station for the
current location set

Has the simulator considered

—No all of the location sets?

Yes
L 4

Use the income function to
find the optimal location set

End of
algorithm

Fig. 1 The algorithm used to size, place and control the hydrogen stations

The proposed strategy can also be utilised while placing solar farms in the power

system. However, in this work only wind farms are added to the system.
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It should be noted that the main goal of this work is not to just talk about the benefits
of energy storage in the distribution network. The owners of HFCVs have already
paid the price of their cars, and that cost is not being paid by the owner of the
distribution network or the investors in the filling stations. Therefore, the proposed
scenario is very different from the case of just adding storage devices in the power
system to improve its performance from both investment and energy efficiency point

of views.

After the simulation, the results of currents and voltages and distribution losses
before and after adding hydrogen filling stations will be compared to assess the role
of electrolysers in improving power system operation. In the cases that the voltage of
busses or flow of the branches are out of limits, the probability of voltage violations

or overload in different scenarios will be compared.

3 Modelling details

The United Kingdom Generic Distribution System (UKGDS) is a resource for
simulation and analysis of the impact of distributed generation on the UK power
network. The models represent the most common architectures used by the UK
Distribution Network Operators (DNOs), but they are slightly altered to facilitate

testing and evaluation of new concepts [30].

A radial distribution network is used as a case study in this work to evaluate the
effectiveness of the proposed strategy. This type of network is used, as it is much

17
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easier to consider the distance of stations from each other while placing them on the
network. In real life, it is not very useful to put the filling stations on every node of the
power system and then run the optimisation process, which might lead to cases of
having some filling stations very close to each other, and on the other hand, having
some areas not covered by any nearby hydrogen filling station. Therefore, a radial
distribution network will best suit the aim of the work in this work to show the
effectiveness of the control strategy. A UKGDS phase one High Voltage (HV)

Underground (UG) network [30] is used in this study.

Software was developed by the author using MATLAB and MATPOWER [28] to

simulate the proposed scenarios applied to the UKGDS model.|Fig. 2|shows the

network used in this study, with added hydrogen filling stations and wind farms.
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Fig. 2 UKGDS HV UG network with wind farms and hydrogen filling stations

The aggregate total demand on the UKGDS HV UG network is 24.2 MW [30], so the
electricity demand profile for the United Kingdom [31] is scaled down to match to the
load profile of this UKGDS system, and then it is used in the simulation process. It is
assumed that the loads on each node of the power system are constant during each
simulation time interval. The amount of demand at different system nodes is equal to

the proportion of loads defined in the UKGDS load profile.

In this work, the hydrogen stations and wind farms are modelled on only one feeder
of the system (feeder number 8, which is the last one) to assess the performance of

the proposed control strategy. The filling stations are added on three buses, and the

wind farms are added at bus 58 and 63 of the UKGDS model.|Table 1|contains the

19



343 location of each hydrogen filling station proposed for each simulation scenario. The
344  location of each station in each of the five sets is selected in a way that the stations
345 have a reasonable distance from each other, and they are not placed on the same

346 bus as the wind farms.

347
348 Table 1 The location of hydrogen filling stations in each set
Set number/station Station bus number
location
Station 1 Station 2 Station 3
Set 1 53 59 64
Set 2 54 60 65
Set 3 55 61 66
Set 4 56 62 67
Set 5 57 64 68
349

350 To scale the wind farms to the UKGDS model and cause a violation of power system

351 constraints without utilisation of electrolysers, their nominal generation capacity was

352 selected to be 10 MW.|Table 2|also shows the location and size of wind farms used

353 in this work.
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Table 2 Wind farm location and size

Location (bus Capacity (MW)
number)

Wind farm 1 | 58 10

Wind farm 2 | 63 10

Wind speed data with resolution of one hour from two UK regions (Tain Range and

Peterhead [32]), which was obtained from the UK meteorological office for the

duration of one year, was used in the analysis. For simplicity, it is assumed that the

wind turbines used in the wind farms are of the same type and with the same rating,

and they have a power curve of a 2 MW wind turbine made by Repower, [33]. Using

the wind speed data, the turbine power curve and the rated size of wind farms in

Table 2

the output of each wind farm during a year was calculated with a time

resolution of one hour.

To select the initial size of stations, the following assumptions were made.

e The initial size of each station is an integer multiple of 2 MW which is the

assumed size of each electrolyser.

e The initial size of all the stations are equal (i.e. they have the same number of

electrolyser units).
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e The aggregate nominal demand of stations is chosen to be as close as

possible to the aggregate capacity of wind farms.

Based on these assumptions, the following equation is used to find the initial size of
each station (Ss;) in MW. The ‘Round’ operator is used to make sure the initial

proposed size of each station is an integer multiple of the size of each electrolyser.

1
NS*Pp gl

Ss¢ = Round ( * N Sﬁv) * Py i (1)

By inserting the corresponding values in Eq. (1) the initial size of each station was

found to be 6 MW.

EST) can be calculated from the

The number of electrolysers at each station (Ng;

following equation.

NEFT = 2
PNEL

This means that 3 electrolysers with a rating of 2 MW are located at each station at

the start of the simulation in this first case study.

Two scenarios are considered in the simulations. In the first scenario, the system
only has two wind farms without any electrolysers, and the fluctuation in the
difference between the local generation and demand must as far as possible be
compensated by import/export of power from the distribution substation. In the
second scenario, electrolysers are also operating in the system to capture some of

the surplus wind power generated within the feeder to alleviate the problems caused

22
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by the distributed wind generation within the network. The assumptions and strategy

used in the second scenario to operate the electrolysers is explained below.

It is assumed that the demand of each station is controllable from the distribution
network control centre. It is also assumed that each electrolyser behaves like a linear
load consuming only active power within its acceptable operational range. The
minimum demand of each electrolyser is assumed to be equal to 20% of its nominal

demand.

A cost function (Cost(k)) is defined to minimise the electricity demand from stations

and also the losses within the distribution system.
Cost(k) = Cy * T = 215 SDF + C, + T+ YN PLkOSSL. (3)

The objective of the optimisation is to find the optimisation vector x*, which includes

the optimisation variables, to minimise ‘Cost’ (£) at each simulation time step.

= | P (4)

The capital, operational and maintenance (OM) costs, in addition to, lifetime of
alkaline electrolyser taken from [34] are used to find C; in £/MW/h. It is assumed that

annual OM costs of an electrolyser is equal to 2% of its capital costs.

__ Capital OM _ 1480,000 1480,000+0.02
T Lifex365+24 = 365%24  20%365%24 365%24

=11.82 (E/MW/R) (5)

1
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C, is the cost of electricity loss and selected to be £35/MWh [35].

There are some limits on the demand of stations and power system constraints that
should be respected during the optimisation process. Before detailing those limits,

some additional variables are defined here.

The surplus wind power on the last feeder of the network can be calculated from the
following equation. The controller needs to know the amount of wind generation and
non-electrolysis demand on each bus of the feeder at each time step in order to

calculate the surplus wind generation.
Surplus(k) = LI W — 2775, Df (6)

If, at a given time step, the surplus power is not sufficient to supply the minimum
demand for all of the stations (i.e. to keep at least one of their electrolysers in
hydrogen production mode), then the stations with least energy delivered to them up
to the current time step will be selected to be removed from list of active stations and
their demand will be assumed to be zero. This decision is taken to make sure that
the stations which have received more energy during the simulation will be more
likely to stay active (produce hydrogen) and continue providing service to improve
the performance of the power system, and the stations which have had lower
demand in the previous time steps and are more likely to have less impact on the

improvement of the results become deactivated when there is not enough surplus

power within the system.|Fig. 3|shows the algorithm used at each time interval to

choose which station is active and which stations do not have any active
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electrolysers if the surplus wind power is not sufficient to provide the minimum

demand for all of the stations.

‘ Start '

A 4
All of the stations are assumed to
be active (in normal hydrogen
production mode) with at least one
electrolyser producing hydrogen in
each of them

v

Sort the active stations based
on the amount of energy
delivered to them up to now

A 4

Update the set of active stations by

removing the active station with the

minimum energy consumption up to
now from the set

Is the surplus wind power enough to supply the
minimum demand for all of the active stations?

<—No

Yes

End of
algorithm

Fig. 3 The algorithm used at each time interval to update the supplied stations

(active stations) when there is lack of surplus power for all of the stations

The ‘Surplus’ value could become negative at some points when the aggregate wind
power generation is below the aggregate local non-electrolysis demand. Therefore
another variable called ‘Aggregate Station Demand Limit’ (ASDL) is defined to be

used as the limit in the simulations to make sure the aggregate demand from the
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local hydrogen stations does not exceed the surplus wind (in the case that the
surplus wind is positive), and therefore avoid conditions that hydrogen is produced
using power from conventional plants, which would introduce unwanted carbon
dioxide emissions into the energy supply chain of the hydrogen. In addition, when
the ‘Surplus’ value is negative, the hydrogen stations should not consume any

power.
ASDL(k) = max(Surplus(k), 0) (7)

ASDL will always have a non-negative value. This means that if ‘Surplus(k)’ is
positive then ASDL (k) will be equal to Surplus(k), but if Surplus(k) is negative, then

ASDL(k) will be equal to zero.

The limits for the aggregate demand of the active stations are defined by the

following equation.
NAS¥ % Pyin gy < Y15 SDI < ASDL(K) (8)

The following limit will also be applied to the electricity demand of each active
station, as the minimum demand of one station will be equal to the minimum demand

of one electrolyser.
Puingr < SDf < S 9)

The constraints of the power system should be respected during the optimisation

process.
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Apparent power constraints:

|sE| < [si™| vijeB (10)
Voltage constraints:

VM| < [V < |[vM*™| vieB (11)

The voltage variation limits in the UKGDS network are £3% of the nominal nodal
voltage, [30]. In this study, the power system limits, taken from [30], are assumed to

be constant during the whole year.

After running the simulation and finding the optimal demand of each station at each
time step, the distribution network control centre can send the demand set-point of

each station to the local station controllers, which are responsible to operate

individual electrolysers according to their operational status and constraints.|Fig. 4

shows the algorithm used at each time interval to select the number of active
electrolysers (electrolysers in hydrogen production mode) and their demand at each

active station.

The obijective of this algorithm is to keep as many electrolysers as possible in

hydrogen production mode to maximise the efficiency of hydrogen production in
each filling station. The controller selects the number of active electrolysers (NAEL}‘)
at active filling station ‘j’ at each time interval ‘k’ using the following equation.
k : spjf EST ; ;
NAELj = min { |-——|, Ngj V 1<j<NS,j€EN) (12)
Min.El
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All of the electrolysers in the
active station are assumed to be
active (in normal hydrogen
production mode)

v

Update the number of active
electrolysers in the hydrogen
filling station

h 4

Update the set of active
electrolysers to make sure
that all of the active ones
will be supplied.

Is the demand of station set point found by the
optimisation process sufficient to provide the
ginimum power needed for each active electrolyser?

Yes

¥

Demand of each active electrolyser will be
equal to the set point of the electricity demand
of the hydrogen station divided by the number

of active electrolysers in the station

End of
algorithm

Fig. 4 The algorithm used to select the number of active electrolysers and their

demand at each active station

The ‘min’ operator is used to make sure that the number of active electrolysers in
each active station at each time interval is not bigger than the total number of
electrolysers at each station (NZ"). The ‘floor’ operator (| ) is used to make sure

that demand set-point of each active station is sufficient to provide the minimum
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demand of each active electrolyser located in the station all the time (NAEL}‘ *

Pyingr < SDjk)-

To calculate the amount of hydrogen production in each station, an efficiency curve
must be used for the electrolysers operating at each station. The efficiency curve of
electrolysers depend on their design, but to calculate the amount of hydrogen
production in this work, it is assumed that all of the electrolysers operating in the
filling stations have a linear efficiency curve. These electrolysers have their
maximum energy efficiency of 80% when they operate at their minimum demand
(20% of nominal demand), and a minimum efficiency of 65% when they are
operating at their maximum demand. It is assumed that the efficiency of the rectifier,
Faraday efficiency and Balance of the Plant (BOP) of the electrolyser were
considered in the electrolyser efficiency curve. In addition, it is assumed that the
operating temperature and pressure of the electrolyser will remain constant during

the simulation.

The controller gives the same amount of power to each active electrolyser in each
station. This means that the hydrogen production system will operate with the
maximum efficiency because the electrolysers will consume the minimum possible

power at all times. Therefore, the demand of ‘'th active electrolyser (ELDi"j in MW)

located at j’th active filling station can be calculated using the following equation.

k

ELDY = = V(1<i<NAEL¥ | 1<j<NS, i,j€N) (13)

NAEL’J?
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Using the electrolyser efficiency curve and the above equation, the amount of
hydrogen produced (H2Pi’j- in kg) by ‘i'th active electrolyser at ‘j'th active hydrogen

filling station can be found using the following equation.

.k-*T*
H2PE =k « 22020 vy (1 <i<NAELK , 1<j<NS, ijeN)  (14)

J Egnv

4 Simulation results and discussions

This section contains the results of running the simulation for a duration of 24 hours
and a year using an extended OPF feature in MATPOWER implemented in
MATLAB. For the 24-hour period simulation, the location set 1 is used to show the
effectiveness of the control strategy. However, at the end of this section, the results
from all location sets, while running the simulation for a year, are presented to

identify the best location for the stations.

To achieve the optimisation goal, the algorithm illustrated in[Fig. 1|is applied to the

system for a 24-hour period with a time resolution of one hour to match the available
wind speed data. The other loads in the systems were assumed to be constant
during each simulation time interval. The UK electricity demand profile on the 6t of

January 2014 is scaled down to UKGDS demand scale and used for this simulation.

Fig. 5|shows the demand from the three filling stations within the network during the

simulation. The result show that the demand of station 1, which is located at bus 53

(in location set 1), is much lower than the demand of other stations. This means that
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just two filling stations were able to deal with most of the problems created as the
result of adding intermittent renewable power from wind farms, and there was no
need to increase the demand of the first station to any significant level to improve the

performance of the grid. Therefore, station 1 will have the lowest hydrogen

production, and according to the algorithm in|Fig. 3[it is more likely to go into standby

condition during the simulation if there is lack of wind power generation.

Fig. 6|shows the aggregate surplus wind power on feeder 8 and the aggregate

demand from all stations. As specified in the control strategy, the aggregate demand
of electrolysers is always below or equal to the surplus wind power within the system

if this surplus power is a positive value. The difference of power between two curves

in|Fig. 6lis the power that is exported to other feeders of the power system. In cases

where the aggregate surplus power becomes negative or zero, the demand of the
filling stations will be zero to avoid the electrolysers working with non-renewable
power. In such cases, some limited power will also be imported from the substation
to supply some of the local non-electrolysis demands, which were not fully supplied

due to lack of local wind power generation.
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544  The total amount of wind energy absorbed by the network during the one day was
545 equal to 300.6 MWh, and about 69.4 MWh of energy was used by electrolysers in
546 the filling stations. The rest of the wind energy was consumed by the local demand

547 on the same feeder or the demand on other feeders.

548  With the introduction of the electrolysers to the system, the voltages on different

549 system nodes change. For example, the voltage on bus 63, which has a nominal

550 voltage of 11KV, is shown in|Fig. 7| This bus was selected because it had the

551 maximum voltage rise due to of adding wind farms without the utilisation of

552  electrolysers. As was expected, the maximum voltage rise occurred on one of the
553 buses where wind farms were added to the system. After utilisation of electrolysers,
554  the voltage of the bus remained within the acceptable limits. In addition, the

555 electrolysers smooth the voltage fluctuation on this bus in comparison to the first
556 scenario. The standard deviation of the voltage on this bus without utilisation of
557  electrolysers was 0.0229 pu, which reduced to 0.0056 pu after utilisation of

558 electrolysers during a 24 hour simulation.

559 The simulation results show that the voltage limit on many buses were breached at
560 least once during the simulation in the system without electrolysers, and that all of
561 them are driven back within the limits as the result of utilisation of the control strategy

562  with electrolysers.
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Fig. 7 The voltage on bus 63 before and after adding electrolysers to the system

Fig. 8|shows the amount of apparent power on the branch of power system, which

has the maximum peak value, in percentage terms, without using electrolysers
during the simulation. It is obvious that the after using the electrolysers within the
system the apparent power of this branch was controlled to remain within the
acceptable limits. The simulation results show that the apparent power limit on
branches 53, 54, 55, 56, 57 and 58 were breached at least once during the 24-hour
simulation in the system without electrolysers, and all of them were driven back

within the limits as the result of utilisation of the control strategy with electrolysers.
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Fig. 8 Apparent power on a branch of power system with the biggest peak

percentage during the simulation

On the other hand, there were some branches of the power system, which were

underutilised in the system without electrolysers, and their apparent power peak was

only a fraction of the nominal capacity limit of the branch.|Fig. 9|shows the apparent

power of branch 64 of the power system with and without utilisation of electrolysers.
It has reached a much higher average apparent power while operating with
electrolysers. This shows the effectiveness of the control strategy to increase the
utilisation of network assets and to remove the need for grid upgrades and
associated costs while respecting the power system constraints and producing

‘green’ hydrogen for the transport sector.
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Fig. 9 The apparent power of branch 64 of the power system with and without

utilisation of electrolysers

To quantify the probability of constraint violations the following attributes, which were

proposed in [36], are used in this work.

The probability of voltage constraint violation (VBp,.,, %) is calculated as the ratio of
the total number of time steps that at least one node within the network had a

voltage constraint violation divided by the total number of simulation time steps.
NDP
VBprop% = 2:=78k 4 100 (15)

NDP

where
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VB, is the function that indicates whether there has been any voltage violation within
the grid at time interval 'k’

0 if (VM| <|v¥| <V vieB)
VB = (16)

1 otherwise
Similarly, the probability of thermal limit violations (TLBp,,,%) is calculated as the
ratio of the total number of time steps that at least one branch within the network was

overloaded divided by the total number of simulation time steps.

NDP
TLBprop% = ZE=L02 4 100 (17)

Where TLBj, is the function indicating whether there has been any thermal limit

violation within the grid at time interval .

o if (If| |1 vijeB)
TLB) = (18)

1 otherwise
These attributes measure the probability of any bus or branch in the system being
out of acceptable limits. The probability of a particular bus or branch being out of
bounds is equal to or lower than the probability of the system being out of bounds, so

such attributes provide a measure of the worst case performance of the system as a

whole [36].

The one-day simulation results show that the voltage violation and overload

probability were 70.83% and 50%, respectively, before adding electrolysers to the
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power system. However, after utilisation of electrolysers, those values were found to
be zero due to successful enforcement of the constraint limits by the system central

controller.

Total energy loss (MWh) during the simulation on the distribution network is

calculated using the following equation:
Eross =T * leggf ?,=Bl Pl’,(ossi (19)

The amount of reduction in the total energy loss on the distribution network during

the simulation (AE;,ss) in MWh can be calculated from the following equation:
AE;o5s = Ellflggghout - E%gsh (20)

The percentage reduction in the total energy loss on the distribution network during

the simulation (AE,,ss%) can be calculated from the following equation:

AE,5s% = EﬁVEilgch)Zt *100 (21)

Loss

The energy flow from the network to the electrolysers caused a reduction of 5.2
MWh in the total energy loss of the distribution network. This is around 41.5% less
than the distribution loss on the system without electrolysers. Despite the fact that
the electrolysers act as additional demand on the electrical network, they reduced
the distribution losses significantly in this study. The reduction in distribution losses is

due to the consumption of some of the surplus power generated by wind farms by

38



634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

electrolysers on the local feeder, instead of exporting all of the surplus power to

other feeders.

After proving the effectiveness of the control strategy during the one-day simulation
using set 1 for the location of hydrogen stations, the simulation was run for a

duration of one year with time interval of one hour for all of the location sets and the

results are included in|Table 3| The demand profile of the UK during 2014 [31] was

scaled down to match the UKGDS demand level and was used for this simulation.

The total hydrogen produced (TH2P in metric tonne (t)) during the simulation at all of

the electrolysis hydrogen filling stations is calculated from the following equation.

NAELK

TH2P = Y20 X5, ., 7 H2P /1000 (22)

The total energy (MWh) delivered to all of the stations is calculated from the

following equation.
Es: = T » XR21 2% SDf (23)

An income function (Income) is defined to find the best location set to maximise the
amount of hydrogen production and consequently the profit from selling hydrogen
while minimising the energy cost of stations, aggregate capital costs of stations, and
the total energy loss on the network and during the simulation. The objective is to

maximise this income function.

Income = C3 * TH2P — Cy * Eqp — Cs * NDP * T x Y'N5, 0SZ; 4+ Cg * AE 455 (24)

39



653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

Where 0SZ; is the optimal size of station ‘i’ in MW, and it is determined by the

maximum demand of each station during a year simulation.

The first term in ‘Income’, which is C; * TH2P, is included to increase the chance of
selecting the best answer with the highest hydrogen production. This also increases
the chance of selecting the answer with a higher utilisation factor for stations, which
will result in more hydrogen production and more profit. C; is the selling price of

hydrogen (£8/kg or £8000/t [37]).

The second term in ‘Income’, which is C, * Eg;, is included to reduce the cost of
electrical energy form the function value, and it is also assumed that C, = C,. Usually
filling station operators who have electrolysers to produce hydrogen can accept
electricity from the grid at any time during a day. If an operator agrees to take some
of the surplus electricity produced by a wind generator at any time and accepts the
peaks and troughs of the received power, then the electricity price for that consumer
would fall to a lower price, and it will result in a price reduction of the hydrogen
produced by the electrolysers. However, such price reduction is not included in the

simulation here.

In this work, it is assumed that C; = C; and C; = C, as both C; and C; are the
coefficients to size stations and C, and C, are the coefficients for the cost of energy

loss on the system.

Considering the proximity to a place with high demand for hydrogen could be added

as another optimisation variable, but at this stage, it would need very random
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674  assumptions regarding the number of HFCVs visiting the site during the lifetime of
675 each station. In addition, in an operational hydrogen economy, there would be many
676 ways of hydrogen production and delivery, which would again change during the
677 lifetime of each station. It is possible that some of the hydrogen needs of stations
678 would be supplied via other forms of hydrogen production and delivery. If the

679 designer of the system becomes able to forecast the above factors with good

680 accuracy, then they could be added in the optimisation process.

681 Results of| Table 3[show that selection of location set 2 will lead to the best result that

682 has the maximum ‘Income’ value. Interestingly, the percentage of distribution loss

683 reduction for all of the location sets are close to 27%.

684 The final size of some of the stations is found to be lower than 2 MW, inferring that
685 only one electrolyser with a lower nominal demand will be sufficient for those

686  stations. In such cases, the minimum demand of the station will be lower than the

687 initial minimum demand assumed in the control strategy. In addition, for the cases
688 where the final size of a station is not an integer multiple of 2 MW, smaller

689 electrolysers can be used to fill the fraction, although, in practice, the commercial

690 availability of electrolysers would be constrained to limited sizes.

691 The results show that after applying the control strategy, the voltage and apparent
692  power limits were fully within the limits for all of the location sets except set 5. For
693 this last location set, the voltage violation probability was reduced from 72.9% to 0,

694  but the overload probability was reduced from 19% to 1.46% and did not reach zero.
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This means that location set 5 is not suitable for electrolysis stations if the power
system operator wants to operate electrolysers with the existing network without any
grid upgrade or wind power curtailment. However, the reduction of overload
probability means that, if there is the possibility to curtail wind power, then it will still
less often happen while using the proposed control strategy with location Set 5. The
value of ‘Income’ was also minimum for this location set, emphasising its lack of

suitability for the system.

Table 3 Results of a year simulation for different location sets in case study 1

Location set | Set 1 Set 2 Set 3 Set 4 Set 5
TH2P (t) 210.3 208.6 207.4 206.5 212.2
Eg: (MWh) 10,912 10,848 10,789 10,738 11,049
AE.,ss (MWh) | 765.4 757.2 750 747.6 769.9
AE; ,ss% 27.3% 27% 26.7% 26.7% 27.5%
0SZ; (MW) 0.4 0.4 0.4 0.4 6

0SZ, (MW) 3.5 2.79 2.76 5.9 6

0SZ; (MW) |6 6.0 6.0 6 6
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Income (£k) | 299.6 363.6 358.7 28 -535.9

VBYithy, 0% 0% 0% 0% 0%

rob

TLBYithy, | 0% 0% 0% 0% 1.46%

Despite having the same initial size, the hydrogen stations at different locations had
different demand set-points selected by the control strategy, and therefore they had
a different final size in the optimised system. It is also not practical to balance the
amount of hydrogen produced in the stations with this control strategy, resulting in
different amounts of hydrogen production at different stations. Due to implementing
the proposed control strategy, a fuel station might have a significantly lower demand
in comparison to other stations due to its location during the simulation, meaning that

its impact on the improvement of power system operation is very small.

One of the advantages of the presented control strategy used in this work is that
there is no need to forecast the wind power availability within the system, and it is
assumed that the grid control centre can just use the real-time data from the wind
power generation units and local demand to calculate the set-point for the demand of

each hydrogen station.

For the current network used in this work, it takes only 250ms to run the algorithm for
each time interval, while using a PC with an Intel Core i7 processor of 3.4GHz and a
RAM of 16GB. Execution of a full year simulation takes about 40 minutes for each
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location set within the UKGDS network. However, full year simulation only needs to
be done offline before construction of stations, so it is not necessary to have very

small simulation duration.

To investigate the impact of initial power rating of filling stations and size of wind

farms on the results two more case studies are simulated for a duration of a year,

and their results are included in|Table 5|and|Table 7| respectively.

Case study 2: The rating of wind farms is unchanged, but the initial size of stations

has increased by 50%. Details of this case study are included in|Table 4

Case study 3: The rating of wind farms is increased by 50%, and as a result, the

initial size of stations has increased using Eq. (1). Details of this case study are

included in|[Table 6

As shown in|Table 4| the size of wind farms remained unchanged at 10 MW while

the initial size of stations is increased from 6 MW in case study 1 to 10 MW in case
study 2. The voltage break and overload probabilities have remained unchanged in

the system without electrolysers in comparison to case study 1.

As shown in|Table 5| despite the fact that the maximum final size that the stations

were allowed to reach was 10 MW in this case study, the maximum optimal size
found is only 7.9 MW. This shows that there is no need to increase the initial size of
stations to a very high limit as the optimisation process will try to find the minimum

size able to satisfy optimisation objectives.
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Table 4 Details of case study 2

Parameter | Value
Sk, (MW) 10

Ser (MW) 10

VB ithoutes | 72.9%
TLBYLhouto, | 19%

Interestingly, the percentage of distribution loss reduction for all of the location sets
has remained close to 27% without significant change in comparison to the first case
study. In addition, increasing the initial size of stations did not improve the voltage
and thermal limit violation probabilities in location set 5, which had the worst income.
The value of income function for all location sets except set 3 are worse in
comparison to the first case study. However, the value of income function is bigger
for set 3, which is the optimal solution. This means that case study 2 has a slightly
better optimal solution in comparison to the first case study. Therefore, it can be
recommended that the initial size of stations proposed in the beginning of this paper
can be increased by 30% to achieve a better optimal solution. However, if the
optimal location set were not available for construction of filling stations using this

strategy, then the strategy used in the first case study would be preferred to find the
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best size of stations. In addition, adopting this new sizing approach can lead to

accepting large gaps between the optimum size of one station and the other ones,

i.e. in the results from set 3, the optimal size of station 3 is 7.8 MW while the

optimum sizes of other two stations are only 1.1 and 0.4 MW. This is not preferable

from practical point of view as it will cause placing one big station and another very

small station on the network, and therefore they will have big differences in the

amount of hydrogen they produce.

Table 5 Results of case study 2 for a year simulation

Location set | Set 1 Set 2 Set 3 Set 4 Set 5
TH2P (t) 216.3 214.7 213.5 212.6 221.5
Es: (MWh) 10,911 10,845 10,783 10,730 11,190
AE;,ss (MWh) | 764.7 753.7 744 739.2 781.5
AE;,5s% 27.3% 26.9% 26.5% 26.4% 27.9%
0SZ; (MW) 0.4 0.4 0.4 0.4 6.9
0SZ, (MW) 3 3 1.1 7 7.8
0SZ; (MW) 7.9 7.8 7.8 7.7 7
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Income (£k) | 2045 200.9 396.4 -220.3 -857.8
VBYithy, 0% 0% 0% 0% 0%
TLBYth 0% 0% 0% 0% 1.47%

In case study 3, the size of wind farms has increased to 15 MW and the initial size of

stations has also increased to 10 MW according to Eq. (1). As a result, the voltage

break and overload probabilities in the system without electrolysers have also

increased to 78.9% and 41.4%, respectively.

As shown in

Table 7

Table 6 Details of case study 3

Parameter | Value
Sty (MW) 15
Sst (MW) 10
VByithoute, | 78.9%
TLBYithoutoy, | 41.4%

the percentage of loss reduction in the system with

electrolysers has increased significantly to around 54% in case study 3, due to
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injection of a significant amount of wind power to the system during the simulation. In
addition, the amount of hydrogen production, energy absorbed by stations, and
income have also increased significantly. However, the controller has not been able
to satisfy the overload problem completely and just managed to reduce it to 1%
during the simulation for most of the location sets. The highest amount of income
function in this case study belongs to location set 5. However, the overvoltage and
overload probabilities were rather higher and equal to 2.42% and 16.7%,
respectively, for this location set. Obviously, the system operator cannot add
unlimited capacity of wind farms and electrolysers to the system expecting that the
controller should achieve the power system constraint limits. If more wind farms were
added to the system, then they would generate more power, and more electrolysers
could be added to the network to absorb this extra energy. However, the power
system operator should make sure that the network limits would not be violated due

to adding extra wind power capacity or electrolysis demand.

Table 7 Results of case study 3 for a year simulation

Location set Set 1 Set 2 Set 3 Set4 Set 5
TH2P (t) 601.9 597 .4 593.9 589.7 674.7
Eg; (MWh) 32,143 31,906 31,711 31,450 36,881
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AE,,. (MWh) |31459 | 3,078 3,013 2,964 3,210
AE,05s% 55.2% 54% 52.9% 52.1% 56.4%
0SZ; (MW) 8.4 8.4 8.5 8.6 10.2
0SZ, (MW) 10 10 10 10 10.5
0SZ5 (MW) 8.2 8.2 8.1 8.6 71
Income (£K) 1036.9 1005.1 9815 898.8 1335.3
VBWithe 0% 0% 0% 0% 2.42%
TLBYitho 1% 1% 1% 1% 16.7%

5 Conclusions

In this work, a novel approach that uses an extended OPF was proposed to size,
place and control pressurised alkaline electrolysers located at hydrogen filling
stations to increase the amount of wind power generation capacity within an example
radial distribution network while satisfying the power system constraints and
electrolyser characteristics. Simulation results show the effectiveness of the
proposed control strategy to maintain the power system parameters within
acceptable limits, while directing some of the surplus power to the electrolysers to

produce ‘green’ hydrogen. The proposed strategy increases the network asset
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utilisation while deferring the need for network upgrade investment for the integration

of more intermittent wind power.

Three cases were investigated in this work. In the first case study, which represented
the main strategy, the initial size of filling stations were selected based on the main
strategy proposed in the work. The simulator was easily able to find the optimal
solution, which resulted in completely satisfying the voltage and thermal limit

constraints during one year simulation.

In the second case study, the size of wind farms was unchanged, but the initial size
of fuel stations were increased by 50%. The optimal location set resulted in a slightly
better income of £396.4k instead of £363.6k during the one-year simulation.
However, it is found that adopting the new initial sizing approach in the second case
study can lead to large gaps between the optimum sizes of one hydrogen filling

station compared with the other ones.

In the third case study, the size of wind farms was increased by 50%, and as a
result, the initial size of fuel stations was increased according to Eq. (1). Due to this
change, as was expected, the amount of hydrogen production and the income also
increased significantly. However, the extended OPF strategy was not able to fully
solve the overload and overvoltage problems during all of the time steps for the
optimal location set. For other non-optimal location sets, which have lower income,
the voltage constraints were satisfied, but the overload probability reduced to 1%.

This proves that, if we combine this control strategy with wind power curtailment
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schemes, then we would be able to increase the integrated wind power capacity
within the system significantly by only curtailing the wind power during 1% of the

time.

It is financially and technically viable to use alkaline electrolysers to produce clean
fuel for future transportation needs and, at the same time, use them as dynamic load
to improve the performance of power system while absorbing the additional power
generated by variable renewable resources. Such electrolysers can provide long-

term energy storage and provide load control on a short-term basis.
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