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Abstract

This work consists of a multi-objective mixed-integer linear programming
model for defining optimized schedules of components in a grid-connected
microgrid. The microgrid includes a hydrogen energy system consisting of
an alkaline electrolyzer, hydrogen cylinder bundles and a fuel cell for energy
storage. Local generation is provided from photovoltaic panels, and the load
is given by a fixed load profile combined with a flexible electrical load, which
is a battery electric vehicle. The electrolyzer has ramp-up constraints which
are modelled explicitly. The objective function includes, besides operational
costs and an environmental indicator, a representation of peak power costs,
thus leading to an overall peak load reduction under optimized operation.
The model is used both for controlling a microgrid in a field trial set-up
deployed in South-West Germany and for simulating the microgrid operation
for defined period, thus allowing for economic system evaluation. Results
from defined sample runs show that the energy storage is primarily used
for trimming the peak of electricity drawn from the public grid and is not
solely operated with excess power. The flexible demand operation also helps
keeping the peak at its possible minimum.
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1. Introduction

The efforts to make the electrical grid more reliable even with high shares
of renewable energy have led to the concepts of smart grids and microgrids. A
smart grid is an electricity system that uses modern information and commu-
nication technology (ICT) for better managing grid operation and balancing
demand and supply. Microgrids, in contrast, can be defined as local clusters
of distributed energy resources and loads connected by a distribution system,
usually at medium or low voltage, that can work disconnected or connected
to the main grid (connected or islanded mode of operation) [1-5]. One char-
acteristic aspect of many microgrids is the integration of renewable energy,
distributed generation and storage for better serving the local demand at a
specific site. This is usually facilitated by ICT and algorithms for optimizing
the energy flows and the use of locally available energy. Since microgrids can
— entirely or partially — meet this on-site energy demand, the main grid is
eased of this load [6], leading to a less stressed overall system.

Growing demand for electricity has a direct impact on the peak consump-
tion, which entails high investment costs for peak power facilities that have
rather low operating hours. The increased use of electric vehicles (EVs) can
further increase peak power demand, since an EV alone can require as much
power as a typical home [7]. The additional load from uncontrolled charging
of electric vehicles could increase the peak demand by up to 20 %, depending
on EV diffusion [8, for the case of New Zealand]. Peak control therefore be-
comes an important objective. Microgrids can contribute to peak control by
implementing demand response strategies for flexible loads, i. e. influencing
the operation of either shiftable or controllable loads to better match local
generation [9].

Given the challenges of electricity systems and the capabilities of micro-
grids as described above, the goal of this work is to optimize the operation of a
microgrid, allowing for cost minimization, peak power reduction and minimal
greenhouse gas emissions simultaneously. To this end, a multiple objective
mixed-integer linear programming problem is formulated that finds optimized
schedules for the different components of the microgrid. The system includes
energy storage in the form of a hydrogen system: in times of available excess
electricity, hydrogen is produced by an electrolyzer and subsequently stored;
during a shortage of supply from the local photovoltaic panel, the hydrogen
can be reconverted into electricity my means of a fuel cell. The electrolyzer
is of alkaline type. As the alkaline water electrolysis cannot operate imme-



diately after a cold start of the apparatus, the time needed for ramping up
the system must be taken into account in the optimization model. Besides,
frequent starts and stops of the electrolyzer and fuel cell should be avoided
in order to reduce wear.

Many models have been developed for optimizing multiple objectives in
microgrid operation, e. g. for simultaneous minimization of operational costs
and emissions [1, 10-12]. Some models include start-up costs for single com-
ponents in order to avoid frequent starts and stops in the operation of the
component [1, 10, 12]. Others consider demand response for peak power
shaving, e. g. [9, 13-15]. To the knowledge of the authors, there are hardly
any microgrid models that represent the specifics of energy storage in form
of a hydrogen system. In particular, ramp-up constraints are not considered
in other microgrid models. This latter aspect, in combination with the afore-
mentioned peak load reduction, avoidance of frequent component starts and
stops and the integration of flexible loads makes the model presented here
extremely flexible. It is suitable for representing the microgrid with hydrogen
system studied in this work, but also allows for modeling other system config-
urations (including, e. g., polymer electrolyte membrane (PEM) electrolysis,
battery storage, wind generation,...) by adapting the according parameter
values of the components. The model can then be used both for actually
controlling a microgrid based on load and generation forecasts, and for sim-
ulating the microgrid operation for a defined time horizon.

The remainder of the paper is structured as follows: In Section 2 the
multiple objective MILP microgrid model is described and all relevant equa-
tions are given. Section 3 contains the results from well-defined scenario
runs, which are then discussed in Section 4. Finally, Section 5 concludes the
findings.

2. The Model

This section describes the system under study (2.1) and provides the
mathematical equations defining the objective function and constraints of
the multi-objective MILP (2.2).

2.1. The Microgrid System

The modeled system is a physical microgrid installation at the Institute of
Energy Systems Technology, situated in the South-West of Germany. It has
a connection to the public electricity grid and consists of a set of photovoltaic



(PV) panels, a hydrogen storage system (HYS) as well as fixed and flexible
loads. The HYS consists of an alkaline electrolyzer, hydrogen cylinder bun-
dles and a fuel cell. A battery electric vehicle (BEV) represents the flexible
load. The fixed load is given by the electrical appliances of the connected
office building, represented by a G1 profile as provided by BDEW [16]. Fig-
ure 1 shows the energy flows of the modeled system. Some characteristics of
the elements are described in Table 1.
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Figure 1: Sketch of the energy flows in the microgrid

Table 1: Microgrid units specification

Element Power (in kW) Capacity (in kWh)
PV 12.8 ——
Electrolyzer 6.0 ——
Fuel cell 1.7 ——
Hydrogen storage —— 50
BEV 80 24

2.2. Mathematical Formulation

The main unit used in the model is (electrical) energy F per time interval
t. Only in the case of the hydrogen storage content, E, represents the ac-
cumulated energy contained in chemical form in the storage cylinders. The
objective of microgrid scheduling is to simultaneously minimize operational



costs and the environmental impact of microgrid operation. The cost is de-
fined by the amount of energy bought from the grid (£,, with per-unit cost
of usage ¢,), start-up costs for the electrolyzer and the fuel cell (¢, and c,q;
the subscript parts ¢ and d stand for charging and discharging, respectively,
for representing generic storage technologies), the energy injected into the
public grid (Esey, with feed-in tariff gy, negative cost) and the peak power
drawn, Ppeqr, With per-unit cost cpeqr. Given that the electricity mix in most
countries involves considerable greenhouse-gas emissions (as opposed to the
local PV generation), the environmental impact is assessed by the use of
energy drawn from the grid.

The fixed demand Fy, the electricity generation from the PV panels Epy
and the times at which the BEV is plugged to the microgrid for charging
as well as its respective arrival and departure states of charge (SOC) are
known. The other energy flows are calculated by the MILP solver. Energy
flowing into the microgrid (see Figure 1) is considered positive, and energy
flowing out of the microgrid is denoted by negative values. In Equation 1,
all variables are calculated for each time step, except the peak power P,cqx,
which is only the highest value of power needed from the grid in the evaluated
period.

T
3 _ CgEg\t+CSCSup0,t+Cstupd,t7csellEse11,t+Cpeakaeak Eg,t
MlﬂZ—tz:l{)\l ( 5 + A=t (1)

Here, Syp. and S,,q are binary variables that represent starting up the
hydrogen storage system for charging and discharging, respectively. A; and
Ao are the weighting factors of this multiple objective problem. 2 and ®
are normalizing terms used in order to get dimensionless expressions for the
cost and emissions part, with 2 representing the cost of buying the complete
fixed demand from the grid, and ® representing the emissions associated
with meeting the fixed demand entirely with energy from the grid.? Unless
stated otherwise, all constraints are valid V¢ € [1,T], with one time step ¢
representing a 15 min interval. All variables are positive and all variables
denoted with S are binary variables, i. e. € {0,1}.

2® must therefore include the CO, emission factor of the grid energy, which would be
in the order of 0.67 ki\(}jv% for the example of the German power mix [17]. It has to be
noted, however, that this factor appears both in the indicator and the denominator, and

is therefore cancelled out.




The electrolyzer needs k time steps for being operational. The alkaline
electrolyzer modeled here needs up to 45 minutes, i. e. three time steps
for inertization, pressurization and other preparatory activities. During this
time, energy is consumed, but no hydrogen is produced. Figure 2 shows how
the energy input to the electrolyzer E., the binary variables for starting up
the electrolyzer S, for operating S;., and for shutting down the electrolyzer
Saowne are related for k = 3. The start-up variable for charging has a value of
one only in the moment in which the system goes into the charging mode, and
is zero otherwise. The shut-down variable for charging has a value of one only
when the system stops charging (the same logic applies to the discharging,
i. e. fuel cell variables). The variable for charging S, has a value of 1 at all
times that the electrolyzer is working, from start-up to shut-down (the same
works for discharging variable Sy4).

t-3 t-2 t-1 t t+1 t+2 t+3 t+4
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Figure 2: Behaviour of binary variables for when hydrogen production starts (for k = 3)

Expressions 2 and 3 represent the constraint of maximum and minimum
energy that can be fed into the HYS (Fs. min, Esc.max) and withdrawn from it
(Esd.min; Esdmax), which corresponds to the maximum and minimum power
that the electrolyzer can draw and the fuel cell can provide. Expression 4 rep-
resents the constraint that the maximum energy storage capacity F, cannot
be exceeded.



Esc,min (Ssc,tfk - Sdownc,t—(k—l) e T Sdownc,t) < Esc,t

(2)

< Esc,max (Ssc,tfk - Sdownc,t—(k—l) e T Sdownc,t) ) Vit € [k + 17 T]
Esd,minSsd,t S Esd,t S Esd7maxSsd,t (3)
Est < Es fun (4)

The processes of starting-up and shutting-down exclude one another; this
is shown in Expressions 5 and 6 for charging and discharging, respectively.
Equations 7 and 8 define the starting-up and shutting-down of the charging
and discharging process [12].

Supet + Sdownet < 1
Supd,t + Sdowndt < 1
SSC,t—l - Ssc,t = Sdownc,t - Supqt, Vt € [2, T]
Ssd,t—-1 — Ssdt = Sdowndt — Supd,t, Vt € [2,T]

Equation 9 represents the overall energy balance (see also Figure 1). Epy
and FE, are fixed inputs taken from measurements and standard load profiles,
respectively. F,qmpup Tepresents the fixed energy that the electrolyzer con-
sumes per time step of starting up. As the ramp-up term is valid only from
time step k onwards, the energy balance equation is differentiated for the very
first time steps and afterwards. The balance in the hydrogen energy storage
is shown in Equation 10. Figure 3 illustrates the HYS energy balance. The
hydrogen storage level at t = 1 is given as a fixed input.

Epvi—Eat — Eser + Esar + Egt — Esent — Evever =0, VE € [1,k — 1]
Epvi—Egt — FEser + Fsar + Egt — Feettt — Fhevert
— Erampup (Supet + Supet—1 + - + Supet—k—1)) =0, Vt € [k, T]
(9)
, Yt e [2,T] (10)

Esd,t—l

Es,t = Es,tfl + Esc,tfl *Nely —
T)tc

The state of charge (SOC) of the BEV is known at its arrival and depar-
ture times. At times when the BEV is plugged to the microgrid, the binary
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Figure 3: Hydrogen storage system.

variable Sy, can take both values 0 and 1; when the car is on a trip, Spe, is
always 0 (Expression 11). It can charge any energy amount Epe,.; per time
step between a maximum and minimum value (Expression 12). Discharging
is not considered, i. e. the BEV does not provide energy to the microgrid.
The energy content of the BEV battery Eje,s; is zero when the BEV is on a
trip, because it plays no part in the microgrid during such period. t;, and .,
are the time steps at which the BEV is available for charging and required to
go to the next trip, respectively. The numeric subscript in this terms refers
to how many times the BEV goes into the microgrid for charging during the
simulation period, that is 1 for the first time, 2 for the second time, and so
on. The times during which the BEV is available are contained within the
interval with subscript n and out. Expression 13 defines the energy content
of the BEV battery at all periods and how it is related to the charge energy
Ebevc,t'

S c {07 1} lf t e [tin,la tout,l) U [tin,Qa tout,2) U...U [tin,n7 tout,n)
bevit {0} if otherwise

Ebevc,minsbev,t S Ebevc,t S Ebevc,mabeev,t (12>



(Ebevs,in,l if t=1tin1
Ebevs,in,? if t= tin,?
Ebevs,in,n if t= tin,n
Fiey if t=t
Ebevsi — ¢ bevs,out,1 ' out,1
Ebevs,out,2 if t= tout,2
Ebevs,out,n if t= tout,n
Ebevs,t—l + Ebevc,t—l lf te (tin,la tout,l) U (tin,Z; tout,2) U...U (tin,ny tout,n)
0 if otherwise
(13)
3600
Eg,tﬂ S Ppeak (14>

The last expression (14) refers to the objective to limit the maximum
power drawn from the grid during the whole time horizon. The factor
3600/ At calculates the average power drawn per time interval, with At =
900 sec (15 minutes) [13, 14].

3. Simulation Results

Model validation and analysis has been done based on reference simula-
tion runs using the Matlab Global Optimization Toolkit. Table 2 gives the
per-unit costs and the performance parameters applied. The 15 min values
for PV production are given based on [18]; the data representing the fixed
15 min demand is based on the standard load profile G1 provided by BDEW
(German Association of the Energy and Water Industry, former VDEW:; the
G1 profile specifies the average electric load of offices and businesses with
a yearly consumption of less than 100 MWh, operating from 08:00 am to
06:00 pm) [16]. PV production and fixed demand are displayed in Figure 4
for a two week period. The data representing the BEV trip times and the
required SOC for each trip start are shown in Table 3.



Table 2: Parameters used for simulation runs

Parameter

Value Units

Cost of energy from the grid ¢, 0.25 e/kWh
Feed-in tariff ¢y 0.12 e/kWh
Cost of starting up the electrolyzer c,. 0.8 e

Cost of starting up the fuel cell cyy 0.3 e

Cost of peak power cpeqr 20 e/kW
Maximum capacity of hydrogen storage Es r.u 50 kWh
Energy for ramping up the electrolyzer E,qmp—up 900 Wh
Minimum energy to run the electrolyzer Es. min 300 Wh
Maximum energy to run the electrolyzer Esc oz 1500 Wh
Minimum energy output of the fuel cell Esg nin 85 Wh
Maximum energy output of the fuel cell Eg o 425 Wh
Minimum energy for charging BEV Ebeycmin 165 Wh
Maximum energy for charging BEV Ejeyemaz 1650 Wh
Initial state of hydrogen storage 500 Wh
Efficiency electrolyzer 7.y, 58 %
Efficiency fuel cell 7. 60 %
Weighting factor \; 0.7
Weighting factor A\, 0.3
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Figure 4: PV production and fixed demand for Case 1
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Table 3: BEV trip time steps and according SOC values
tin  tow SOCy (%) SOC,.:(%)

51 237 1 100
241 263 90 100
323 341 1 100
349 523 10 100
535 543 80 99
253 629 ) 100
639 649 50 98
709 737 ) 100
753 817 10 100
1011 1197 1 100
1201 1223 90 100
1283 1301 1 100
1309 1335 10 100

3.1. Reference Case: Case 1 — Full set of Constraints

The operation of the electrolyzer is analyzed here for the time steps 240—
263 (Figure 5). It first ramps up in time steps 248 to 250 (see Figure 5(a)) and
then starts producing hydrogen in time steps 251 to 261 (Figure 5(b)), con-
firming that the delay in the hydrogen production after start-up is correctly
modelled. When PV production is less than the fixed demand, the differences
are covered by the grid; the grid also partly supplies the electrolyzer during
this time, avoiding another start-up for using the excess energy occurring
again in time steps 251-261. So, the electrolyzer is not solely operated in
times of excess PV energy, but the solver may decide to provide the minimum
electrolyzer energy (0.9 kWh for ramp-up and 0.3 Wh for charging the HYS,
per 15 min) partly from the grid if that allows better use of excess energy in
other time steps and avoids start-up and shut-down operations. The BEV is
charged in time steps 244 and 245 and in time step 248, when higher excess
energy from PV takes place.

Between time steps 705 and 740 an extreme case of demand is observed
(Figure 6). The PV production is much lower than the demand and the BEV
needs to charge 22.8 kWh within this period. Besides, the period corresponds
to the highest fixed demand, thus contributing much to the overall peak load.
In this case, energy from the grid is needed to cover both fixed and flexible
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Figure 5: Microgrid operation at time steps 240 to 263: (a) PV production, demand
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demand. In order to avoid a high peak of energy drawn from the grid, the
fuel cell enters into operation at time step 709 and works until time step 736
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at full capacity (1.7kW or 425 Wh for each 15-minute interval). Also, the
system makes use of the given demand flexibility, and charges the BEV at
the lowest possible power when the residual load is high, in order to avoid
increasing the peak power drawn from the grid.

3.2. Case 2 — Without BEV

Case 2 is the same as Case 1, except that the BEV is not taken into
consideration. The evolution of the hydrogen storage content for both cases
is shown in Figure 7. It can be observed that hydrogen was stored in three
occasions in Case 1, and twice in Case 2. Hydrogen consumption for the fuel
cell occurred five times in both cases. These discharging events correspond
to an interval of high fixed demand. The amount of hydrogen stored in Case
2 is higher than in Case 1 due to the absence of the BEV, which leaves more
excess energy for the electrolyzer. Around time step 240, the excess energy
in Case 2 is sold rather than stored in BEV, as happened in Case 1 (cp.
Figures 7 and 5(b)). Figure 8 shows the behaviour of the energy drawn from
the grid for both cases during time steps 700 to 1000. The higher peaks
occurring in Case 1 correspond to times when the BEV was charged (around
time steps 700 and 800) and also to less energy produced by the fuel cell
(discharge of the hydrogen storage).

3.3. Case 3 — Without Peak Power Constraint

Case 3 differs from the reference case in that the peak power cost is not
considered in the objective function. Results show that the hydrogen system
is not used for energy storage at all in this case. All excess energy is sold to
the grid or used for charging the BEV. Figure 9 shows the energy drawn from
the grid for Case 1 and 3 during time steps 700 to 1010. It can be seen that
when the peak restriction is removed, the energy drawn from the grid reaches
higher values. The time steps 700-750 show that the peak power in Case 3
is around 60 % higher than in Case 1. Both curves follow the same pattern,
except when the electric vehicle is charged or when the fuel cell operates (the
latter situation occurs only in Case 1).

3.4. Case 4 — No Photovoltaic Production

Case 4 was executed with same parameters as in Case 1, but the PV
production was not taken into consideration. For this case, all electricity
to meet fixed and flexible demand must come from the grid. The storage
system would not be expected to work at all because there is no excess

13
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energy from PV. However the solution shows that the HYS is indeed charged
using energy from the grid, which is later discharged to trim the power to be
drawn from the grid. Energy is taken into the storage just as much to make
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Figure 8: Energy drawn from the grid during time steps 700 to 1000 for Cases 1 and 2
the electricity consumed in that moment to be equal or less than the peak
power, and this energy is used when the fixed demand shows a peak and the

BEV is in place for charging. The hydrogen is stored in one time interval
and consumed in two intervals; this can be seen in Figure 10. Figures 11
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Figure 9: Energy drawn from the grid during time steps 700 to 1010 for Cases 1 and 3

and 12 show the intervals in which the storage is used. It can be seen how
the flexible demand also helps to keep the peak power drawn from the grid
at its minimum possible, being small when the fixed demand is high and
increasing when the other one decreases (time steps 323-332 in Figure 11
and 708-717 in Figure 12). This behaviour is similar to the one shown in
Figure 6(b).

Table 4 shows a summary of different variables for Cases 1 to 4. All
variables represent the total amounts over the whole analyzed period. C' is
the total cost of operation during the period, which is formed by the energy
taken from the grid, the electricity sold to the grid, start-ups of electrolyzer
and fuel cell and the peak power component (numerator of the first part in
the objective function).

4. Discussion

The simulation results show how discarding the peak restriction consid-
erably affects the operational cost and also the peak power drawn from the
grid (cp. Case 3). This aspect becomes more relevant when a high demand
is considered, e. g. including the electric vehicle. The peak power showed an
increase of more than 60 % when comparing Cases 1 and 3, while for Case

16
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Figure 10: Energy content of hydrogen storage in Case 4
Table 4: Summary results Cases 14
Variables
C Eg Ppeak Esc Ssc Supc Ssd Supd
Case (ine) (in kWh) (in kW) (in kWh)
1 286 614 6.5 39 79 3 49 5)
2 210 428 5.2 49 65 2 71 6
3 372 618 11.1 0 0 0 3 1
4 411 914 9.0 26 81 1 23 2

4 (with no PV production) it increased by only 38 %. It is important to
mention, however, that the price to be paid for the peak power is usually not
calculated on the basis of a two weeks interval (the time horizon regarded
here), but on a yearly basis.

The consideration of the peak restriction also shows the significance of us-
ing a storage system. In the presented simulations it was the resource mainly
applied in order to reduce electricity drawn from the grid, thus avoiding
higher power peaks. These results are in accordance with the ones reported
by several authors, e. g. [1, 10, 13-15]. The introduction of an electric vehicle
increases the usage of the electrical grid, because PV power cannot satisfy

17
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this additional demand at all times (Case 1 vs. Case 2). Without the BEV,
the system makes more use of the electrolyzer and the fuel cell, as these
are then the only flexible components. For Case 1, the electrolyzer runs 26
consecutive intervals per start-up on average. The fuel cell runs almost nine
time intervals per start-up (calculated by dividing Sy, and Ssq by Sype and
Supd, respectively). In Case 2, the average running time for electrolyzer was
32 time intervals, and 11 for the fuel cell. In Case 1, the fuel cell discharged
at full power 86 % of the energy stored in the hydrogen cylinders between
time step 710 and 737 in order to help charge the BEV and avoid high peak
power, and the remaining 14 % was discharged at a lower and more even
rate during times of peak power in fixed demand. In Case 2, the hydrogen
storage was discharged more evenly (cp. Figure 7).

Taking into account the peak variable in the objective function has a big
impact on the program’s run time. When running the simulation without
this constraint it took less than five minutes to reach a solution, whereas
three hours or more were needed when also considering the peak variable.

5. Conclusions

An optimization model for the scheduling of the different components of a
microgrid was developed. The model considers a weighted objective function
minimizing cost of operation and environmental impact. The first part of
the objective function consists of the cost of purchased energy from the grid,
the start-up cost of a fuel cell and of an alkaline electrolyzer, the cost of peak
power and the energy fed into the grid (as negative cost). The second part of
the objective function considers only the energy drawn from the public grid.
The model also involves the use of a flexible demand represented by a battery
electric vehicle. As constraints, the model includes technical restrictions of
equipment and energy balances in some of the elements. One important
characteristic is that it models a ramp-up period for the electrolyzer, in
which it draws power but doesn’t produce hydrogen.

Including the start-up costs for the electrolyser and fuel cell were shown to
have a positive impact on the smoothness of operation of these components,
in that they work as long as possible with the least number of start-ups;
this feature is easily replicable for other components that could be added to
the microgrid, e. g. diesel generators or boilers. In order to avoid high grid
peak power, the system makes use of the flexible demand and the hydrogen
storage system. Due to the low power assumed for the fuel cell, this element is
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mainly used to avoid peaks instead of avoiding the mere usage of electricity
from the grid (for example at night-time with low fixed demand and low
BEV charging requirements). In further simulation runs, the sizing of the
components could be changed to gain more insight into optimized operation
of different system variants.

The simulation reveals that electricity from the grid is used to help the
electrolyzer keep running in order to avoid its shut-down during a low or
no-PV period, so as to take advantage of the excess energy to come in the
subsequent periods. The simulation also showed how the electrolyzer works
without any PV production (Case 4), drawing energy from the grid during
a period of low demand, which is used later to avoid high peak power. Due
to the low global efficiency of the hydrogen storage system (around 35 %),
the program tries to avoid using it, because it makes more profit from selling
energy. With the inclusion of the peak power into the objective function
and the more weight on system autarky, however, the usage of the hydrogen
system increases.
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