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Abstract: Recently, smart energy hubs with hydrogen conversion and storage have received increased
attention in the Netherlands. The hydrogen is to be used for vehicle filling stations, industrial
processes and heating. The scientific problem addressed in this paper is the proper sizing of capacities
for renewable energy generation, hydrogen conversion and storage in relation to a feasible business
case for the energy hub while achieving security of supply. Scenario analysis is often used during the
check for early stages of the energy planning process, and for this an easy-to-use analysis model is required.
updates This paper investigates available modelling approaches and develops an algorithmic modelling
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as demonstrated in [7]. Green hydrogen is produced either by conversion of electricity from
renewable sources with an electrolyser or by conversion of biomass sources, according
to [8]. Large scale inputs of solar PV and wind energy into energy hubs lead to considerable
overproduction at times and underproduction at other times. Hence, there is a need for
electricity grid flexibility. The authors of [9] list the following possibilities: batteries, heat
conversion and storage and hydrogen conversion and storage. To exploit these options,
proper management is necessary by smart control systems as introduced in [10].

The complex nature of energy hubs requires a careful planning process, explained
in [11] which often starts with scenario analysis in which stakeholders (consumers, network
operators, energy producers, municipal and civil stakeholders) participate. The scenario
analysis includes important steps such as defining relevant scenarios, value case develop-
ment for participating stakeholders and, finally, the development of a feasible business
case. A business case for an energy hub contains detailed information on exploitation
costs and benefits in relation to energy demand and supply. Therefore, insights into en-
ergy flows are necessary in relation to system capacities (production and storage units),
equipment and (time related) energy demand and prices. A model of the energy hub
is required to obtain such interrelated insights. The purpose of this paper is to develop
insights into how business case analysis of energy hubs can be supported by a model with
reduced complexity.

The contribution of this paper is a model and method which can generally be used
to analyse business case scenario analyses of energy hubs that include hydrogen and for
which no advanced modelling experience is needed by the user. We also show application
of the model and method for a specific case.

The paper is structured as follows. In Section 2, the general problem statement and
an overview of related work is given. In Section 3 the methodology is introduced, and
equations and algorithms are derived for the energy system analysis. In Section 4, the
method is applied in a case study. In Section 5, the results are discussed and in Section 6,
conclusions are formulated, and an outlook is given on further application and future work.

2. Related Work and Problem Statement

Realisation of an energy hub of significant local or regional scale requires a complex
planning process involving multiple stakeholders, explained in [11-13]. There are many
types of energy hubs, depending on the scale (required system capacities), customer profile
(e.g., district or industrial site), renewable energy generation technologies (e.g., wind or
solar PV), storage and conversion technologies, energy carriers and networks, demand
profiles, energy markets and the possibility of market-based smart control. The planning
process is driven by the business case of the energy hub. This involves CAPEX and OPEX
of the required assets and possible revenues following from demand supply and offering
flexibility on energy markets [14]. Other revenues such as reducing CO, emissions and
strengthening local energy communities may also be valued in the business case.

Recently, green hydrogen energy hubs have attracted a lot of attention of regions
in the Netherlands, as shown in [15,16], as hydrogen is estimated to play an important
role in replacing natural gas and fossil fuel consumption for industry and transportation.
Moreover, the magnitude of renewable energy generation within local or regional energy
hubs is such that existing power networks are showing congestion problems, as shown
in [17], and this frustrates further and rapid development of energy hubs throughout the
Netherlands, as argued in [18]. Smart storage and conversion to hydrogen are seen as part
of the solution to overcome this.

Hydrogen storage is a promising option suitable for long-term seasonal storage of
excess power generated by variable renewable energy sources, as explained in [19]. The
surplus power is converted to hydrogen as an energy carrier, which can be further converted
to methane, methanol or other synthetic fuels. Moreover, the stored hydrogen can be used
for power generation via fuel cells when the electricity supply does not meet the demand,
as shown in [20]. It is reported in [21] that coupling the hydrogen production and hydrogen
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storage systems within systems with a share of renewables of up to 80% would decrease
the required capacity of renewable resources including wind and solar power by 23% and
at the same time significantly reduce the curtailment by 87%.

The economic benefits of such systems highly depend on the operating time of the
components, the efficiency of the installations and the investment costs, as explained
in [22]. An important financial issue for hydrogen customers is the resulting price of
hydrogen in relation to their application and the impact that the hydrogen price has
on the customer’s business. At this stage, electrolysers are still costly which implies
that they should be operated with a relatively high number of operating hours per year
in order to produce hydrogen for an affordable price, as shown in [23]. The price of
hydrogen significantly depends on the energy source and its cost. For example, the price of
hydrogen production would be decreased significantly if the electrolyser system operates
on hydropower or biomass.

On the other hand, producing hydrogen is often not the only function of an energy
hub. Most of the renewable energy may be supplied directly to all kinds of electric demand
from a connected district or an industrial area. Hence, a complex evaluation is necessary of
how the energy within the energy hub should be scheduled to which customer, storage or
conversion asset, and what level of supply security can be reached for green electricity and
green hydrogen, as explained in [24]. Therefore, a model is needed that provides relevant
information to evaluate preliminary business cases of scenarios, and such models are often
complex, as shown in [25]. The model should include the following functionalities:

1.  Generation, storage, conversion and demand specifics which allow configuration of
the model to represent the energy hub.

Realistic data inputs of electricity and hydrogen demand in relation to scenarios.
Logic rules and algorithms to schedule energy flows throughout the energy hub.
Capacities of assets in relation to calculation of CAPEX values as output.

Energy flows in time in relation to calculation of OPEX values as output.

LN

In general, from literature we identify three types of modelling tools available to
support business case analysis of energy hubs, listed in Table 1. The type of tool to be
used depends on the circumstances, such as the available expertise. In an educational
setting, projects are often much different from each other, and emphasis is often on learning
objectives with a focus on analysis methods and programming. Hence, the first and third
types (Table 1) are then often used. In a specialist setting, more projects of a similar nature
are executed, and the second type is then more efficient.

When it concerns application of tools beyond the scope of planning the energy hub,
for instance to perform control studies and development of a control system, then the
first type has the advantage that the algorithms can also be used as (rule-based) control
algorithms, or some of the algorithms can be incorporated as heuristics into a mathematical
optimization method as part of smart control. Examples are given in [39—41]. This is more
difficult with the second and third types, because in that case, an integration with these
tools and the control system should be made. This can be difficult in case of a lack of open
data exchange, the exception to this being tools such as MATLAB-Simulink for which there
are many API’s available for data exchange.

The scientific problem we address is the lack of an easy-to-use analysis tool to perform
business case scenario analysis and grid congestion analysis of energy hub systems that
include renewable power generation, hydrogen conversion and storage and supply of
electric and hydrogen demands. The available tools require either specialist training
(second type) or advanced modelling expertise (third type). The purpose of this paper
is to develop insights into how business case scenario analyses of energy hubs can be
supported by a model, and to develop a model that is relatively easy to use. The purpose is
further to define a set of logical rules for the model which can also be applied for future
rule-based smart control purposes. To align with the expertise of business case analysts, we
have chosen to implement the model in a spreadsheet tool (first type) however, the model
presented can also be implemented in other software (type 3).
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Table 1. Types of modelling tools for analysis of energy hubs.
Modelling Type Characteristics Examples Advantages Disadvantages
A model consists of (a) Logical relations
dedicated algorithms Zitg;/een iggivzgsf (a) The system of
which are programmed An introduction of a 8y P . ’ algorithms is complex
into a spreadsheet tool general method to storage, conversion and to develop into a
This makes the tool easy to determine optimal demand .supply are versatile tool.
use for different capacities for fully defined by the (b) Difficult if not
Spreadsheet tools : . programmer, which . :
production and demand production, storage . impossible to apply to
ases. The user does and conversion units gives full control over other forms of ener.
usec ) . . the logic. (b) Once the C 8Y
not need to know the within energy hubs is algorithms are hubs which include
structure of the algorithms given in [26]. & ) different energy
in detail in order to be able programmed,; the tool conversions
to work with the tool is easy and fast to use .
' by non-expert users.
(a) It takes time to
become an expert user
of the tool and to be
able to define the
In[27]a energy hub
comprehensive list of (a) Little or no configuration, analyse
The model is configured  tools is given including roeramming work cases and create
within a tool which has a software tools such as: P gis ro uirg 1 output information.
Energy system library of standard EnergyPLAN [28], ©) O tiI?ﬁza tio.n of (b) The tools work
modelling tools production, conversion and energyPRO [29], P . according to their own
storage devices and HOMER [30] energy hub device programmed logic and
demand patterns OEMOF [31] (Pyt'hon capacities is often this often cannot be
based), MARKAL [32], possible. changed by the user, so
TIMES [33]. there is less control

over how the model
responds in relation to
energy production and
demand schemes.

System simulation
modelling tools

The model is defined

within a general system
simulation environment.

VenSim [34],
Simulink [35],
Modelica [36],
AnyLogic [37],

NEMS [38].

It offers the possibility
to configure any type of
energy hub and
to define any kind of
relation between the
system units.

It takes considerably
more time and
mathematical expertise
to become an
expert user.

The model requires relevant input data to evaluate the yearly costs and benefits. For
this, we need a whole year of data. The selection of the time interval length (e.g., daily,
hourly or quarter hourly average data) is important. The shorter the time interval, the more
data there is to process and the more difficult it is to obtain relevant data from practice. An
hourly time interval gives sufficient insight to study variations over time of energy demand
and generation and of storage charging and discharging flows. However, smaller time
intervals are possible if there is an interest in analysing short term peak energy flows. In
the following Section we develop and describe the method for the functionalities described
above Table 1.

3. Methods

A general system schematic of an energy hub which produces, stores and supplies
hydrogen is shown in Figure 1 with explanation of nomenclature in Table 2. The three types
of boxes used in the schematic are explained on the lower left side of Figure 1. Renewable
energy generation systems are shown on the left side, and they are connected to a local
electricity distribution grid pool 1. The local grid is connected to the main electricity grid
for imports or exports of electricity. At electricity pool 1, a battery is shown as a possibility,
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e.g., for peak-shaving purposes or to support constant operation of the hydrogen converter.
For this paper we assume negligible size of this storage. Inclusion of a battery as part of
the hydrogen energy hub and it’s optimal sizing and control is a subject for future work.
Pool 1 is connected to pool 2 from which electricity flows to a hydrogen electrolyser and
hydrogen compressor.

DF
PRV

Natural

“Pool 1
S, .
gas boiler

c Compressor g

D gh

. Pool 2 \\D(,__g s
grid A g
P, Hydrogen Pool4 Heat
Electrolyser boiler demand
Energy source, converter,

[:] storage or demand

Pool 3 D,
R PAY
Hydrogen
demand

Figure 1. System asset and energy flow schedule.

The electrolyser, compressor and hydrogen storage are connected to hydrogen pool 3.
From this pool, hydrogen can either flow to a hydrogen boiler or directly to a hydrogen
demand on the lower right side of the schematic. The hydrogen boiler produces heat for
building heating purposes and is connected to heat pool 4. This pool is also connected to a
supporting natural gas boiler, and pool 4 is connected to heat demand. Building cooling
demand is outside the scope of the model while cooling is usually produced by a building-
integrated cooling system which requires electrical energy. The electrical energy demand
of building cooling systems may be part of the electrical energy demand to be supplied by
the energy hub. We have chosen hydrogen compression as storage method, following the
demand for hydrogen by the energy hub customers. There are other possibilities, such as
the production and storage of ammonia, as explained in [42].

Each converter (electrolyser, compressor or boiler) is modelled as a single, static
equation between the input and output and this is shown in the algorithms in this paper.
Hence, complex dynamic behaviour of the converters is not part of our model. In the
design phase of a project, interest is more aimed at system behaviour. For the design of
the electrolyser, a much more elaborate process model is then needed, for which there are
many examples shown in [43-45]. The hydrogen storage is modelled without energy loss.
In the following, we explain the logic rules of the model and the conversion equations.
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Table 2. Nomenclature (Figure 1).

Symbol Signifying
Ppy Production of solar PV electricity (kWh), input variable
Py Production of wind electricity (kWh), input variable
Ie Import of grid electricity (kWh), calculation variable
Ee Export of grid electricity (kWh), calculation variable
Se Charge (positive) or discharge (negative) of electricity (kWh), calculation variable
De Demand for electricity (kWh), input variable
Ceg Consumption of electricity for gas conversion (kWh), calculation variable
De,g Electricity demand for Hp-conversion (kWh), calculation variable
De,c Electricity demand for Hy-compression (kWh), calculation variable
Pg Production of hydrogen gas (kg), calculation variable
Dy n Hydrogen gas demand for heating (kg), input variable
Dg Other demand for hydrogen gas, e.g., as car fuel (kg), input variable
Prg Production of heat from hydrogen (kWh), calculation variable
Ing Import of natural gas (kWh), calculation variable
Phng Production of heat from natural gas (kWh), calculation variable
Dy, Demand for heat (kWh), input variable
hg Lower heating value of hydrogen (kJ/kg), constant
Mg Electrolyser efficiency, constant
b Boiler efficiency (ng = natural gas, g = hydrogen gas), constant
We Compressor specific energy consumption (kWh/kg), constant
Sg Charge (positive) or discharge (negative) of hydrogen (kg), calculation variable
Smax Maximum hydrogen storage capacity (kg), constant
St Stored hydrogen at time t (kg), calculation variable
Sg max Maximum storage (dis)charge rate (kg), constant
SC Leftover hydrogen storage capacity at time t (kg), calculation variable

We start with energy generation on the left of the schematic (Pool 1, Local E-grid).
When renewable energy is produced, the first priority for its allocation is given to supply
the main demand for electricity (D,). The logic for this is that this priority leads to the least
energy conversion losses and least destruction of exergy. We consider this demand to be
non-controllable; it has to be supplied, if not from renewable sources within the energy
hub, then from the main grid.

The second priority for the allocation of renewable electricity is to produce hydrogen
if there is a hydrogen demand. Either in the form of heat (Dy,) or as a fuel (Dy), e.g., for a
car filling station. Priority is given to hydrogen fuel demand. This priority leads to less
exergy destruction than the supply of heat and it also has a higher expected market value
than the supply of heat.

The third priority, when the electrolyser still has capacity left, the hydrogen storage has
leftover capacity and there is still renewable electricity available, then both the electrolyser
and the compressor consume electricity and produce and store hydrogen.

After evaluating these priorities, if there is insufficient renewable electricity available,
the demand for hydrogen may be partly or fully supplemented by the hydrogen storage. If
the heat demand is higher than the amount that the hydrogen boiler can supply, a natural
gas boiler supplements the supply of heat (Pool 4, Heat).

When all these options are evaluated and there is excess renewable electricity, the
excess amount is exported to the main grid (Pool 1, Local E-grid). To steer energy flows
within the network, we developed a set of logical rules which are explained in the following
section. The approach contains two steps:

1.  Distribute the generated renewable energy within the energy hub for supplying
electricity demand and for conversion to hydrogen.

2. Additionally, calculate the possible import of electrical energy from the main grid ac-
cording to rules on price limits in order to increase production and supply of hydrogen.

The second step is introduced to increase operational hours of the electrolyser and
improve security of supplying the hydrogen demand. However, import of electricity from
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the main grid has a consequence for the level of sustainability of the produced hydrogen.
In the following sections, we develop algorithms for both steps.

3.1. Step 1: Distribution of Renewable Local Energy

The calculation variables introduced in Figure 1 and Table 2 are discrete variables
in time and the equations derived in the following are assumed to be applicable at each
time interval. Parameters such as he, 17¢, 77 and w, are assumed to be constant. The
modelling approach is quasi-static. The following energy balance equation applies for pool
1 (excluding import of electricity during step 1):

D+ Cog = Pyy + Pu + Se + Ee 1)

Some conditions have to be introduced for C,¢, Se and E, to determine if electricity is
converted, charged, discharged, imported or exported. Moreover, the maximum amount for
Ce,q is limited by the maximum capacity of the hydrogen converter: D ¢ usx and compressor:
D, ¢ max- The minimum amount for Ce,q is limited by the minimum capacity of the hydrogen
converter: D, ¢ iy Hence, for the upper and lower boundaries of C ¢ we write:

Ce,g,max = De,g,max + De,c,max (2)

Ce,g,min = De,g,min (3)

The possibility to produce hydrogen depends on the balance between D, and Ppy + Py.
If the production is larger than D, then electricity may either be converted into hydrogen
for demand supply or storage, stored in the battery or exported (in this priority order). For
this paper, we assume that the capacity of the electricity storage is insignificant compared
to the hydrogen conversion, therefore: S, = 0. The following Algorithm 1 now constrains
the energy flow Ce.

Algorithm 1

prpz; + Pw > Dg and va +Pw — De > fo,g,min then
Ce,g :min{Ce/g,max; va + Py — D,}
Else

Ceg=0
End

In this Algorithm, min{arguments} is a function and it signifies the minimum value
of the arguments. Production of hydrogen by the converter (and thereby consumption of
electricity) is further limited by the leftover storage capacity and the hydrogen demand. To
determine C, ¢, it first has to be evaluated which hydrogen production is possible.

For the hydrogen storage, the following relation (in kg) applies:

Spmax = St + SC; 4)

and for P, the boundary conditions are:

Q)

. D;,-3600
De,g,min’?g < Pg < mln{De,g,maxﬂg}SCt + Dg + h }

hg-11y
In which we assume that all heat demand D, could be produced by the hydrogen

boiler. To produce hydrogen, the following relations determine the associated electricity
consumption by the hydrogen converter:

. . . . .. Dgh
e toproduce Dy, the associated electricity consumption is: ,7;?360%

e to produce Dy, the associated electricity consumption is: %
SCi-h

e to produce: SC;, the associated electricity consumption is: %Tﬁ% + we-SCy
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Hence, condition [5] can be reformulated into the following condition for electricity
consumption:

17g-3600 NpMg

Ce,g,min < Ce,g < min{ce,g,mux} + wc-SCt} (6)

Combining this condition with Algorithm 1 leads to Algorithm 2 which we define as
the main algorithm.

After execution of Algorithm 2, the grid electricity export is calculated by reformula-
tion of Equation (1), taking into account that S, = 0:

if Ppo+ Py — De — Ceg > 0 then E, = Ppy + Py — De — Ce g else E; = 0 (7)

Using Algorithm 2 and Equation (7), unknown energy flows C ¢ and E, can be calcu-
lated from known input values for Py, Py, De and Dg and Dj,. In the Appendix A, detailed
algorithms are given for Cases 1, 2 and 3. Import of electricity is related to price in the
following section.

Algorithm 2 (main)

A= Ppy+ Py — D, {electric energy balance}
B = Ce,g,max {maximum electric energy consumption of hydrogen system}

C1 = maximum possible electrolyser electric energy consumption to supply demand and storage
C, = associated compressor electric energy consumption in case of storage

. i h
C = mzﬂ{De,g/max} (Dg + mm{Sg‘m,;x;SCt})‘qugﬁoo * '75;’73}

. Dy \ . 3600
ety = { Lif (g —D4). 30 _p >
0 else

Cp = testsgwe: [(Cl-qg - %)-% - Dg]

C=C1+C2

IftA>0and A > D g pin then
If min{B;C} > A then
Case =1
{hydrogen is produced, and possibly stored, renewable energy is fully consumed}
Else
Case=2
{excess renewable energy, hydrogen is produced and possibly stored}
End
Else
Case =3
{hydrogen is not produced, hydrogen storage discharge may be possible}
End

3.2. Step 2: Electricity Import
For a local hydrogen system, import of electricity may be needed for various reasons:

e Insufficient operating hours of the electrolyser for economic operation are possible
with only local, renewable energy sources;

e A more constant operation of the electrolyser is desired for reliability reasons instead
of fluctuating operation according to available local, renewable energy sources,

e  The possible production of hydrogen from a given local, renewable energy system
may be insufficient in relation to the demand.
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Of consideration is how much electricity should be imported and how this can be
managed by certain criteria. The import of electricity may add to grid congestion problems
and in today’s energy system it causes CO, emissions. Hence, we conclude that import of
electricity is less desired than the use of local, renewable energy. In future energy systems,
however, electricity imports could cause lower CO; emissions than today due to more
renewable energy inputs, so this argument may change in time. The negative effects of
associated costs due to grid congestion and CO, emission in relation to imported electricity
may be expressed by a certain price level. As a basis, the price level could be recent data of
market prices. On top of that, a significant grid congestion and CO; tax may be included,
the latter depending on the share of fossil fuels within the electricity grid and government
rules. In this way, a price for electricity import is a good indicator for the sustainability.

In the model we include the energy price level as part of an import energy management
approach. The price level for electricity imports is signified by P which is variable in time.
Two fixed boundary price levels P; and P, (€/kWh) are defined for which a decision
algorithm is developed, as follows:

1. if P > P; then electricity import is restricted to supply the remaining electricity
demand. The price is too high to be attractive to produce hydrogen.

2. if P, < P < Pj then electricity import is restricted to supply the remaining electricity
and hydrogen demand. Production of hydrogen for storage purposes is undesired in
this price range.

3. if P < P, then electricity import is possible without restrictions.

In this way, the boundary levels P; and P, determine when electricity will be imported
and for which purpose. It is then possible to investigate the effects of changing P and P,
on the amount of hydrogen production and the business case.

The second step is executed after the first step presented in Section 3.1 which first
determines the possible production from local, renewable energy sources. Algorithm A4
(Appendix A) is developed and determines the additional energy flows (signified by the
symbol A) relative to the flows calculated as a result of step 1. These flows are signified as
(<flow>);. Algorithm A4 also determines the electricity import. The energy flows that are
calculated by Algorithm A4 are to be added to the flows calculated by the algorithms of
step 1. Here we also introduce the use of an asterisk * to signify the part of the demand that
is supplied by the energy hub. As an example, the part of the electricity demand, D, that is
supplied by the energy hub, D,* is the sum of to investigate the effects of changing 1 (D,*)
and the additional energy calculated by step 2 due to imports AD,*, as follows:

D; = (D¢), +AD; ®)

3.3. Addition of Business Case Parameters

With the previous formulated algorithms, the effects of different asset capacities and
price boundaries for electricity imports can be analysed on the energy flows. To analyse
the effects on the business case, CAPEX and OPEX of the energy hub system should be
calculated from the defined capacities and the model’s output energy flows.

Yearly CAPEX of the energy hub is expressed as a linear relation between cost param-
eters and system capacities, as follows for the electrolyser, compressor, hydrogen storage,
PV and wind turbine generation system:

CAPEX = ¢ De,g,mux + CZDe,c,max + ¢3S max + C4va,mux + CSPw,max (9)

In which {cy, ... cs} are capital cost parameters, e.g., yearly depreciation and interest
cost per unit capacity (kW for converters and kg for hydrogen storage). The hydrogen and
natural gas boilers are not included because normally they are not owned by the energy hub
but by the consumer. For the assets concerned, in general, smaller units are relatively more
expensive than larger units, i.e., the cost parameters decrease with increasing capacities,
because for smaller units, indirect costs such as construction and engineering costs are
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relatively larger. In cost analysis research, it is common to use a power function. Finding
power functions is outside the scope of this paper. However, for a range of system sizes
(e.g., electrolyser size range 0.5-10 MWe) the non-linear effects are small and a fixed cost
parameter and linear relation for CAPEX is sufficiently accurate for scenario analysis. We
define such values in relation to a case study in Section 4.

For yearly OPEX we use a similar model and include only energy costs, which is
expressed as:

T
OPEX = Z(Ollng + 01, -I—Oglg —04Ee) (10)

t=1
In which {0y, ... 04} are cost or benefit parameters which express market energy prices
per unit of energy. Parameters 0; and 0, may include a penalty for CO; emissions. All
parameters may have different values in time in relation to varying market prices. T is
total time considered in the analysis and ¢ is a respective, discrete time interval. Equation
(10) may also include OPEX of the same equipment as Equation (9), e.g., for maintenance
and insurance costs. Usually, fixed percentages of equipment CAPEX are taken for this.

Mathematically, this may be included in the capital cost parameters.

3.4. Implementation and Validation of the Model

The model developed in Sections 3.1-3.3 has been programmed in Microsoft Excel,
using formulas and cell relations. An hourly time step is used as hourly data is fairly easy to
obtain from various sources. The model and this application case are made available under
creative commons license (BY-NC) here [46]. Validation of the model results is performed
theoretically, by studying:

e  Correctness of results due to switching system options on and off: yes or no solar PV,
wind energy, hydrogen storage and compression.

e  Correctness of results due to extreme values for the inputs: high and low renewable
energy generation, large and small electrolyser and hydrogen storage capacities, large
and small hydrogen and heat demand.

e  Energy balances (per hour and yearly sum) of the energy pools and the overall system
energy balance: the sum of all energy flows (in and out of the pool or the overall
system) should always be zero.

e  For a number of practical cases: expected results due to variations of electrolyser and
hydrogen storage size.

The studied validation cases show logic and correct outcomes. In Section 4 we show
results for one case for which the results are discussed in Section 5. Further validation
of the model is part of future work and may include comparison with literature results
in which other models were used. Validation with practical data is difficult at this stage
because in the Netherlands there are no existing energy hubs with hydrogen production
and storage yet, although a number of projects have reached the planning phase and data
may become available in the near future.

3.5. Determining Optimal Energy Hub Asset Capacities

It is common to determine optimal capacities of an energy system by mathematical
optimization [25]. With the modelling approach that is introduced in the previous section,
the economic optimum is found by minimizing yearly CAPEX + OPEX, in which the
capacities within the CAPEX, Equation (9), are treated as variables and minimum and
maximum values for these variables are defined as constraints. The following issues
complicate this optimization and its application:

e  Themodel equations and algorithms introduce non-linearity and non-convexity within
the optimization problem. A suitable non-linear solving method is required, and it is
likely that much computational time is needed to find an optimum.

e  The importance of a single mathematical optimum during scenario analysis may be
limited. It is often more interesting to investigate how the results for a scenario are
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influenced by changes that could take place during the lifetime of the energy hub
project. For instance, the demand for hydrogen may increase after some years, new
technology may lower the cost of hydrogen production and legislation or energy
market prices may change, leading to different costs for importing or exporting energy.
It is often more relevant to investigate the sensitivity of the business case as a result of
these changes than to aim at finding a single optimum situation for a narrowly defined
case, which is often based on predictions with a level of uncertainty.

e At this stage of hydrogen development, artificial penalties for CO, emissions should
be included in relation to natural gas and electricity imports, otherwise the conversion
into hydrogen is still often the most expensive option and the optimization has no
meaning. If the penalties are artificial, the optimization loses relation with reality. In
scenario analysis, there is more need to evaluate the influence of penalties on the price
of hydrogen.

e  The revenues associated with excess PV and wind turbine energy may be such that
very large PV and wind turbine systems are found as optimum. To avoid this, size
constraints should be introduced, or costs associated with strengthening the grid.

With these issues it becomes a challenging exercise to find a mathematical optimum for
scenario analysis purposes. Therefore, in the following section we use a manual approach
to evaluate the use of the model with a practical case study.

4. Case Study Application

The model introduced in Section 3 is developed for scenario analysis and requirements
for the model are based on recent energy hub development projects in the Netherlands
(Grohw [47], H2hub [48], GLDH2 [49]) which share the following principles depicted by
the scheme of Figure 1:

e  Connection of a hydrogen conversion and storage system to a large generation facility
for renewable electricity, primarily by solar PV.

e  Supply of hydrogen to a hydrogen vehicle filling station and industries that use
hydrogen for high temperature heat processes.

e  Possible supply of oxygen for wastewater treatment processes and supply of waste
heat for building heating. The oxygen and waste heat are produced by the hydrogen
conversion and compressor. Oxygen and waste heat flows can be post-calculated
from the hydrogen and energy flows that are calculated with the model developed in
Section 3.

A project in the city of Deventer in the Netherlands [47], aims to examine how green
hydrogen can be used to improve sustainability in the region in an affordable way, while
not overloading the local electricity grid. This project is taken as case study to demonstrate
application of the model. During the first phase of this project, the possible hydrogen,
oxygen and waste heat demand by the various stakeholders is determined, as well as the
solar PV generation capacity. During the next phase the project goals and key performance
indicators (KPIs) were established. Among these, a competitive price of hydrogen and a
high degree of certainty to supply all the demand with green hydrogen were ranked as the
KPIs to focus on.

To determine CAPEX and OPEX values, an important part of the preliminary research
was to estimate values for the factors c; until ¢5 and o7 until 04. The estimation is performed
by combining information from quotations and discussions with experts in the field. How-
ever, the values depend on the country, the scale of the project and on time, due to expected
changes in costs and legislation in the years to come. For the case application, the values
shown in Table 3 for the parameters are used:
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Table 3. Case related values for cost parameters.

Component Parameter Value and Unit Reference

PEM electrolyser system ol 348 €/kW per year [50,51]
Compressor (per step) (o)) 2400 €/(kg/hr) per year [52]

Hydrogen storage c3 50 €/kg per year [53,54]
PV system C4 60 €/kWp per year [55]
Wind turbines Cs 108 €/kW per year [55]
Natural gas 01 0.2 €/kWh [56]
Electricity import 0y Var €/kWh [57]
Hydrogen import 03 2.5€/kg [58]
Electricity export (*) 04 0.060 €/kWh [55]

(*) price includes Dutch subsidy for renewable energy SDE.

The case considers only hydrogen demand and renewable electricity input by a solar
PV field. Import of green electricity is possible from an external utility company. Hence, the
operational boundary considers input solar PV energy, electricity imports and hydrogen
demand from a number of industrial consumers, mainly for high temperature heating
purposes. Supply of electricity demand (D) is not part of the operational boundary, the
industrial companies to which hydrogen is supplied have their own contract with an
external utility company which supplies the electricity. Relevant data for this case are
obtained from partners of the national research project Release. For the business case, the
relation between security of supply, required hydrogen storage and electrolyser size and
solar PV generation capacity is investigated, in relation to hydrogen price, operational
hours of the electrolyser and storage utilisation. In this paper we present results with the
model and with one set of data for the year 2019 to illustrate the application of the model.
Data on the energy production by the PV system was obtained from a solar PV calculation
tool which contains the Perez solar model. The original weather data is from Dutch weather
station Heino.

To illustrate the use of the model, we first consider the hydrogen demand in Figure 2,
including Figure 2a, the month of May, which represents most months of the year with
a similar demand, and Figure 2b, the month of August which has an atypical demand
peak for part of one week. The next step is to determine suitable values for the size of
the electrolyser and hydrogen storage, which is carried out by manual variation of these
values and verifying the results graphically. The yearly total supply of hydrogen should be
as close as possible to the yearly demand, the size values should be as small as possible
and the number of operational hours of the electrolyser should be as large as possible. To
enable a relatively large amount of electricity import in order to reach these goals, values
for P; and P, are preliminarily chosen equal at 0.07 €/kWh, while the electricity price data
ranges between values of 0 and 0.14 €/kWh with an average at 0.056 € /kWh. The resulting
capacities are shown in Table 4. The electrolyser and storage size are self-defined; the size of
the PV system is given and the compressor power requirement is calculated by the model.

Table 4. Preliminary case related capacity values for P; = P, = 0.07 €/kWh.

Component Capacity Unit

Electrolyser 3000 kWe

Compressor 94 kW
Hydrogen storage 1500 kg

PV system 1780 kWp
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Figure 2. Case hydrogen demand (year 2019, Deventer companies. (a) May; (b) August.

Figure 3 shows hydrogen flows as a result of the electrolyser operation and hydrogen
storage. Figure 4 shows the electric energy flows, i.e., solar PV generation, electrolyser and
storage compressor consumption. Figure 5 shows the hydrogen flows, i.e., electrolyser out-
put, storage charge/discharge flows, supplied flows and demand. The difference between
the demand and the supplied hydrogen needs to be imported from external sources.

------ electrolyser output —— hydrogen storage charge stored hydrogen (right hand axis)
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5 n

oy Ll A 1400.00
time[h] l 1000.00
. 800.00
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------ electrolyser output ——hydrogen storage charge stored hydrogen (right hand axis)

WA AN
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©1400.00

1200.00
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400.00
200.00
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Figure 3. Case hydrogen production and storage (simulation results). (a) May; (b) August.
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Figure 4. Case electric energy flows (simulation results). (a) May; (b) August.
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Figure 5. Case hydrogen flows (simulation results). (a) May; (b) August.

Table 5 shows yearly totals of the energy and hydrogen flows, which are calculated by
the model. The results are discussed in the following section.

Table 5. Yearly totals of energy and hydrogen flows.

Energy Flow Yearly Total Unit
Dg 469,988 kg

Ppy 2,115,060 kWh

Ie 20,911,385 kWh

Ee —47,854 kWh
Dg* 398,470 kg

De,g 22,812,577 kWh

De,c 166,015 kWh
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5. Discussion

In this Section we discuss the correctness and optimality of the results. Correctness of
the results is concluded from the pool energy balances (the sum of energy flows should
be zero at all times), and further by studying relations between Figures 3-5. For instance,
the moments when hydrogen is produced and stored in relation to the hydrogen demand
(Figure 3). Or the relation between solar PV production, electrolyser production and import
or export of electricity. The first weeks of Figure 4b show that PV production and import of
electricity support each other. The last two weeks show moments where there is not enough
hydrogen being produced or stored to supply the high demand for hydrogen during those
weeks. This may be improved by a larger electrolyser and hydrogen storage, but this will
increase system costs.

From Figure 4 we conclude that the electric energy from the solar PV system in both
months is almost fully consumed by the electrolyser. As these months are relatively sunny
compared to other months during the winter, the solar PV system in total has only a minor
contribution to the total electric energy required.

The minor contribution of solar PV is also observed from Table 5. The amount of
yearly produced PV energy (Pyy) is only 9.2% of the required electric energy for electrolysis
(De,g) and compression (D,c). The difference is imported (I,) and a small part of PV energy
is exported (E).

Optimality of the size of the electrolyser and hydrogen storage is verified as follows:
(@) Most of the hydrogen demand can be supplied at all times. Figure 3 shows that this

is almost fully accomplished in May but that the higher peaks in August cannot be

supplied. Table 5 shows that 84.7% of the total hydrogen demand (D) is supplied by
the system (Dg%).

(b) The electrolyser has a large number of operational hours. From Figure 4 it can be
deduced that the electrolyser is operated almost non-stop at full capacity during May

and for more than 50% in August. When a 3000 kW electrolyser is operated 8760 h

per year, it can produce 458,873 kg hydrogen per year. Compared with the value for

D;* in Table 5, the electrolyser is operational for 87% of this time, i.e., 7621 h per year.
(c) The storage is small enough to be used intensively but large enough to compensate

for times when the electrolyser’s production of hydrogen is insufficient. Figure 3
shows that the storage supports the continuous operation of the electrolyser very well
in May. In August, the demand is quite low during the first part of the month, and
this leads to a longer period with completely filled storage. However, when the week
occurs with a high demand, the storage is emptied quite fast and the electrolyser also
runs at full capacity. The choice could be made for either a larger storage or a larger
electrolyser; however, this would also increase system costs and lower the overall
utilization of the system.

For the system analysed, the total yearly costs are determined by taking the cost
parameters of Table 3 into account. These costs add up to yearly €2,478,975. The production
price of hydrogen is then €6.21 per kg which compares well with current references on
price levels for green hydrogen, refer to [59]. With the model and Microsoft Excel’s ability
to perform “what-if” analysis, it is relatively easy to perform capacity scenario analysis. In
Figure 6a the influence of a range of electrolyser and hydrogen storage capacities on supply
security values, defined as the supplied amount of hydrogen divided by the total hydrogen
demand (Dg*/Dg) is shown. In Figure 6b the influence of the same range on hydrogen
price is shown. Computational time needed for this analysis is in the order of seconds.
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electrolyser
capacity (kWe)

value of P2

Dg*/Dg storage capacity kg-price H2 storage capacity
0.844 250 500.0 1000 1500 3000 6.16 250 500.0 1000 1500 3000
1000 0.298 0.300 0.301 0.301 0.303 . @ | 1000 5.88 5.96 6.14 6.32 6.85
2000/ 0579 0581 0583 0585 0590 2 g 2000 5.98 6.01 6.10 6.18 6.44
3000 0.797 0.828 0.844 0.848 0.856 % % 3000 6.25 6.16 6.16 6.21 6.36
4000 0.883 0932 0957 0.968 0.979 % § 4000 6.90 6.73 6.69 6.70 6.82
5000] 0926 0964 0979 0985 0992 “ | s000 7.63 7.49 7.47 7.50 7.63
(a) (b)
Figure 6. Influence of electrolyser and storage capacity on (a) supply security and (b) hydrogen price.

Figure 6 indicates that the storage capacity chosen could be smaller at 500 or 1000 kg.
This would decrease the price of hydrogen to 6.16 €/kg while the security of supply stays
high at 83% and 84% respectively. The price of hydrogen decreases further when smaller
electrolyser and storage capacities are used. However, this has a strong negative effect on
the security of supply. For the remainder of this section we chose a hydrogen storage size
of 1000 kg.

It is interesting to evaluate the influence of import price levels P; and P,. Changing
these to lower values than the preliminary choice decreases the possible import of electricity
and therefore also decreases production by the electrolyser which leads to more import of
hydrogen from external sources. The value of P, determines how often electricity can be
imported to produce hydrogen for storage purposes.

We evaluate for the case dataset and for the selected size of the electrolyser (3000 kWe)
and hydrogen storage (1000 kg), the relation between P; and P, and the resulting supply
security (Figure 7a) and price of hydrogen (Figure 7b). Figure 7 should be read per column,
for each value of Py, the influence on either supply security or hydrogen price can be
evaluated for different values of P, which is always lower than the value of P;.

Dg*/Dg value of P1 kg-price H2 value of P1

0.8446 0.05 007] 009 o011 013 6.22 00s] 007] 009 011 013
0.05 0.319 0.688 0.744 0.754 0.755 . 0.05 10.77 6.80 6.61 6.60 6.60
0.07 0844 0874 0881 0882 % | 007 6.16 6.10 6.10 6.10
0.09 0.908 0.910 0.910 g 0.09 6.05 6.05 6.05
0.11 0912 0912 g | 011 6.06 6.06
0.13 0.912 0.13 6.06

@) (b)

Figure 7. Influence of import price levels P; and P; on (a) supply security and (b) hydrogen price.

When P; and P, increase, more electricity to produce hydrogen will be imported,
hence supply security increases. The influence on hydrogen cost is more complex. When
P; and P, increase, first the hydrogen cost decreases, mainly because of more operating
hours and more hydrogen produced by the electrolyser, which decreases the large influence
of the yearly capital costs of the electrolyser within the price per kg. However, when P,
is increased above 0.09 €/kWh, a minor increase in hydrogen cost is observed caused by
higher electricity costs, mainly to produce hydrogen for the storage.

Similar figures can be drawn for different combinations of electrolyser and hydrogen
storage sizes. From Figures 6 and 7 we conclude that there is a trade-off between supply
security and hydrogen price which is influenced by electrolyser and hydrogen storage size
and the electricity import price levels that we wish to set.

These choices also determine the flexibility that the system offers to solve congestion
problems for the electricity grid when electricity prices are related to the need for flexibility.
If such price levels are negotiated between the energy hub operator and the connected grid
operator, then the model and algorithms in this paper can provide valuable insights on the
influence of price control for the energy hub system on grid congestion and the business case.
However, when development of the energy hub proceeds after analysing the business case,
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further research is necessary to investigate optimal control of the electrolyser and hydrogen
storage, while the control offered by the algorithms does not take (near) future situations
into consideration and will therefore sometimes make suboptimal control decisions. A
review on more advanced smart grid control methods including hydrogen conversion and
storage is given in [60]. Part of future work is to include hydrogen conversion and storage
in the DEMKit smart grid control toolkit, as introduced in [61].

6. Conclusions and Outlook

In this paper a model was developed to analyse energy hubs which include renewable
energy generation, an electrolyser, hydrogen storage and demand for electricity, heat and
hydrogen. The model can be used together with cost parameters as part of a method to
study business case scenarios during the feasibility phase of energy hub projects. The paper
details model equations and algorithms and these are worked out into a spreadsheet tool
which is made available for research purposes. Working with the model is straightforward
and fast. It requires a set of demand data, manual selection of which assets are part of
the system and definition of equipment capacities and efficiency and cost factors. The
most complicated part is to analyse the results and to vary capacities and electricity import
cost parameters in order to work towards the most desired operational situation for all
stakeholders. We explain that due to counteracting practicalities, it is hard to develop a
uniform, mathematical optimisation method for practical situations.

A case application shows the capabilities of the spreadsheet model to evaluate the
performance of the energy hub system on a yearly and hourly level. Experience with such
cases so far has demonstrated the robustness of the algorithms to come up with logical
results even when extreme data or parameters are chosen.

We show the practical use and ease of use of the model for scenario analysis, leading
to a preliminary business case in which the trade-off between electrolyser size, hydrogen
storage size and import price level boundaries on supply security and hydrogen price is
evaluated in order to make decisions for the design of the energy hub. The model also
enables analysis of flexibility offered by the energy hub to solve grid congestion problems.
A more detailed business case analysis is outside the scope of this paper and is part of
future work. In future, it will also be interesting to investigate if different types of tools
in which energy hubs can be modelled, lead to comparable results. Finally, validation of
model results with real operational data of energy hubs from practice is also in the scope of
future work, when such energy hubs become operational in the Netherlands.
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Appendix A.
Appendix A.1. Case 1

In this case the electricity input C, ¢ for the hydrogen conversion and compressor is
known from Algorithm 2. The following algorithm determines how much (in this order):

e Hydrogen is produced for Dy and D, and for which Dy is given priority due to a
higher expected value.
Remaining electricity is available to produce hydrogen for the storage.
Hydrogen for Dy and D, can be used from the storage.

Algorithm A1 (case 1)

Ceg=A
If q?fgggo + ,7;_) ,;’q < Ce g then {full demand supply + storage charge is possible}

Py = Dey- s .;foo {C,e,gmax is evaluated in alg.2}

* 3 ° .
Dg = mm{Dg,Pg}
* Djy,-3600 . _ y*
Dg,h = mm{ Zb_hg ; Pg Dg}
_ ® Mo lg
P hg — Dg,h 3600
Ph,ng = Dh - Ph,g

hng

Ing = 2
If Py — (Dj + Dg*) > O then

{storage is possible}

_ (Di+Dgp*) hg
Ces = Ceg = —5 3600
{total available electricity for hydrogen storage}

Sg = hgcif {electrolyser + compressor}
g 3600 T We

Si =851+ Sg

D(’,C = Sng

Se+D%+Dg*)h
//Deg = (317?376030)3 {comment}

Else {storage is not possible}
S¢=Dec=0
o St_<1 )
Di+Dgy*)h
Deg = gqg-szoo .
Else {some demand supply and some storage discharge is possible}
Py = Cegn1q {C.e,g,max is evaluated in alg.2}
Sgr = Dg + Dg y — Pq {required storage discharge}
S¢ = *min{sg,r} Si—1; Sg,max}
St=5_1+5;
Dg, = min{Dg; Py — Sg}
. { D;-3600.
Dy = min{ 2360, p 5, — Dy |

b 8
Ph,g = Dg,h*'ﬂh
Ph,ng = Dh - Ph,g
I _ P}z/ng
ng = T5,-

End

In which <demand_variable>* denotes the realised part of the demand (electricity,
hydrogen and heat).

Appendix A.2. Case 2

In this case there is excess renewable energy production and hydrogen production (for
demand supply and for storage purposes) is fully possible.
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Algorithm A2 (case 2)

h

Deg = min{Dag,mﬂx? (SCi + Dg) - zamti; +

Py = Degotjg- X

If Dg + Dg j, > Pg then {discharge is possible}
Sg = —min{ Dy + Dy, — Py; ;1 }
D¢* = min{Sg + Pg; Dy }
Dy = min{Sg + Py — Dy; Dy |
Dee =0

Else {demand supply & storage are both possible}

D¢* = min{Pg; Dy }

Dy, = min{ P — Dg*; Dy, }

Sg = min{Pg — D" — Dg,h*;sct}

De,c = Sg-we
End
St =Si1+5g
Ce,g = De,g + De,c
Ph,g = Dg,h*'ﬂb

Ph,ng =Dy _Ph,g

_ Thng

Ing = 1o

Dh
o1

j

Appendix A.3. Case 3

In this case there is no hydrogen production from renewable electricity, hence there is
only a hydrogen flow possible from the storage. The hydrogen that can be discharged from

the storage is evaluated as follows:

Algorithm A3 (case 3)

Sgr = Dg + Dg , {required storage discharge}

Sg = —min{Sg,r; St—l?sg,mﬂx}
St =541+ 5;
D; = min{Dg; —S¢ }
Dg,h* = min{w' — 5S¢ — D*}

Wb‘hg 7 g
Pyg = Dgp™ 1y
Ph,ng =D — Ph,g
I _ Ph,ng
ng = -

My

Ce,g = De,g = Dec =Py =0

Import of energy (refer to Section 3.2).

Additional energy flows due to the possibility to import electricity are calculated

as follows:



Energies 2022, 15, 2065 20 of 22

Algorithm A4 (electricity import)
If P > Py then

AD; = D — (D;),

I = AD;

Else
If P > P, then
If (Pg), — (Sg); = Dg + Dy
AD} =D, — (D),
I, = AD}
Else
. [ Degmax-1q-3600 .
APy = min{ Psxle30 — (P D — (D7), + Dy~ (D3), }

8
— APS'hg
ADeg = 35400

ACeg = ADqyg

ADg =D, — (Dg )y

Ap, = { —(ACeg+AD;) if (Ee)y > ACeq +AD;
¢ —(Ee)y if (Ee); < ACeq + AD;

Io = AE¢ + ACeg + AD;

AD; = min{APy; Dy — (D;) |
* : _ * . _ *

AD}, = min{AP : AD; ;Dgn— (D3,

APh,g = AD;h'ﬁyﬁ

APy g = Dy — APy — (P h,g>1 - (P hing )1

APy g
Alng = Ar;b 2

End
Else
If (Pg); > Dg + Dy +SC;-1- (Sg); = Sgmax then
AD; = D, — (D;),
I, = AD}
Else
. [ Do gmax-1-3600
8Py = min{ Pesx 20— (p) Do~ (Df) 4 Dgp— (D) + Smax — (511 }
ADy until Al as in previous statement
ASg = min{ APy — AD} — AD} i Smax — (S1); }
ADyp = { 0if (Sg)1 +AS, <0
(ASg + (Sg),)-we else
ACe g = AD,,g + AD,
AD} until I, as in previous statement
End
End
End
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