SIMS 61

Sensitivity Analysis of Optimised Large Scale District Heating
Heat Pump Concepts

1 1

Signe Thomasen' Kim Sgrensen

1

Carsten Bojesen!  Kasper Vinther?

'Department of Energy Technology, Aalborg University, Denmark sthomal5@student .aau.dk
2 Added Values P/S, Denmark, kvi@Addedvalues.eu

Abstract

This paper investigates the sensitivity on choice of heat
pump concept to uncertainties and variations in boundary
conditions for large scale heat pumps with a Danish dis-
trict heating system as case example. A performance map-
based heat pump model is used to evaluate performance of
different heat pump concepts. The heat pump concepts
are optimised in terms of concept design and prepared
for evaluation of feedback control parameters and on/off
strategies, which calls for a nonlinear optimiser such as
genetic algorithms. The optimisation considers the op-
erational price of the concept, regarding Coefficient Of
Performance (COP), heating capacity and investment cost
and is followed by investigations of the possibility for pro-
viding ancillary services. A sensitivity analysis is carried
out to investigate whether, which and how variations in
cost function weighting affects the optimisation and con-
sequently the choice of heat pump concept. The results
indicate a very robust optimised concept.

Keywords: heat pump modelling, large scale heat
pumps, optimisation

1 Introduction

By 2050, Denmark should be completely independent of
fossil fuels. One essential field in the solution of this is
the synergy between the power- and heating grid. With
the district heating sector having great potential to be
included in solutions across energy sectors, large scale
heat pumps have recently received increased interest
since it in nature provides a power-to-heat conversion and
since tax-reductions and potential for ancillary services
likewise suggest large scale heat pumps as a favourable
part of the solution (Kortegaard Stgchkel et al., 2017).
However, focusing on the Danish district heating system,
the experience in implementing large scale heat pumps is
very limited.

From (Rambgll et al., 2019) it was found that the
heating capacity of most large scale units currently
in operation in Denmark are in the order of 0.2-10
MW,. As have been presented in the planned projects
in (Fjernvarme Fyn and Odense Kommune, 2020) and
(DIN Forsyning and Rambgll, 2020), heat pump units
of significantly higher capacity (up to 100 MWq) is
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expected to be introduced in the Danish district heating
system. A few examples of heat pump units with this
high capacities can be found in Norway, (Hoffmann
and Forbes Pearson, 2011) and Sweden (Friotherm AG,
2017), and common to these are that the desired capacity
is achieved by a combination of a number of smaller heat
pump units. There is however no unique formula on how
to combine the units. As was stated in (Rambgll, 2019)
and in (Meesenburg et al., 2018), especially when bearing
the potential for ancillary services in mind, the design
of the heat pump concept (i.e. the internal connections
and the size of the individual units), should be considered
carefully, which due to the lack of experience in ancillary
services was found to be challenging.

(Rambgll, 2019) has additionally been conducting some
tests of a 0.25 MW, ammonia heat pump to investigate
the potential for providing ancillary services. With the
requirements for ancillary services valid for the eastern
part of Denmark, it was found that when using the power
consumption from the heat pump as set point for control,
the response time improved significantly indicating
that heat pumps can be applied for providing ancillary
services. The experience is however still very limited,
and a general approach for designing the large scale heat
pump concepts has to the best of the author’s knowledge,
not yet been presented.

This paper presents a general approach for optimisa-
tion of heat pump concepts in future energy systems. The
purpose is to develop and demonstrate a heat pump op-
timisation tool in order to locate the parameters, which
dominates the choice of heat pump concept with regard to
the number of heat pumps, the size of the heat pumps and
the connections between them.

2 Method

To demonstrate the idea of the simulation and optimisation
approach, an ongoing project in Esbjerg, Denmark, is used
as case example. With boundary conditions and heat pump
requirements set by the case, the modelling approach and
the simulation- and optimisation setup was developed in
three steps, which will be presented in the following sec-
tions as:

e A general representation of the heat pump perfor-

mance.
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Table 1. The definition of the seven categories representing an example of the annual operation of the heat pump concept illustrated in Figure 1.
Heat load corresponds to the relative amount of heat delivered in each category (in MWhy) on a yearly basis i.a. category 1 is responsible for 2 %

of the total amount of heat delivered during a year.

Category | Tiea [°C] | Tanout [°C] | Heatload [%] | Ref.load [%] | «; [DKK/year] | B; [DKK/year]

e 210 | G 5 sod | oomrons | 528
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C7 <2 50-55 9 95.2 4132 657.0 5164 456
e A dynamic model. 2.2 Model

e A suitable heat pump concept optimisation.

2.1 Case study: Esbjerg District Heating

In Esbjerg, Denmark, a 460 MW, coal fired heat- and
power plant is set to close in March 2023. A consider-
able amount of heat pumps are included in the road-map
for installation of the new heating production. A 50 MW
sea water based heat pump unit is among other things
expected to operate along with wood chip boilers, elec-
tric boilers and gas boilers (DIN Forsyning and Rambgll,
2020).

As a part of the initial study of a possible solution, the 50
MW, is delivered from a heat pump concept consisting
of four 12.5 MW, sea water heat pump units connected
internally as seen in Figure 1.

Tan rewrns = 35 °C Tah,outs 50-70 °C
HPI HP2

T retums = 35 °C
HP3 HP4 —

[ |

Figure 1. Reference heat pump concept with four 12.5 MW, heat
pumps with two parallel strings each with two heat pumps in series.

Tiea 0-22°C

The heat pump concept in Figure 1 is referred to as the
reference concept. Data on an example of the expected
operation of this concept is applied for the heat pump con-
cept optimisation. Divided into seven categories, the an-
nual operation can be considered as seen in Table 1. The
categories are chosen instead of the full annual operational
profile to smooth out the build in bias towards the refer-
ence concept to which the operating profile is optimised.
The heat demand presented in Table 1 forms the operat-
ing conditions for the simulations conducted. Notice, that
these categories change, if the heat pumps are combined
with e.g. wind power or combined heat and power plants.
The heat pump system used for simulation is presented in
the following sections.
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The heat pump model and the simulation model is formu-
lated in the multi-domain, object oriented modelling lan-
guage, Modelica (Modelica Association, 2019) and im-
plemented in Dymola (Dassault Systémes, 2019). The
heat pump system makes use of pipe, flow source/sink
and sensor models found in the Buildings library (Wet-
ter et al., 2014). Using the Modelica language implies a
high degree of reusability and flexibility in the modeling
and does further allow for easily exporting the model as a
functional mockup unit (FMI) and further simulating the
model in e.g. Python through the functional mockup in-
terface (FMI) standard.

2.2.1 Heat pump model

As suggested in (Dott et al., 2013) and similarly applied
in the energy simulation software EnergyPlus (Depart-
ment of energy, 2019), a typical approach for performance
evaluation of heat pumps is by a performance map. A
common method for applying the performance map ap-
proach is to use data points either to interpolate between or
by using an equation fit to create a polynomial plane. In-
spired by this, the performance of the heat pump model is
described by two equations developed from data obtained
using the product selection software, GEA RTSelect, pro-
vided by GEA (GEA Group, 2019). The performance map
describes the heat output, O and the Coefficient of Perfor-
mance, COP of a single heat pump unit. The performance
degradation due to part load operation is included in the
performance map by introducing both the desired outlet
temperature of the district heating water, Typ oue [K], the
evaporation temperature, 7.y, [K] and load, L [%] as vari-
ables for the equation fit.

By stepwise including the three variables to the fit of the
performance data, Equation 1 and Equation 2 was created
using R (R Foundation, 2019).

Oh=60+6L+6,L>+ 6:Tp,

(D
+ 94 Tdh,out + 95 L Tdh,out + 96 L Teva

With 6; and ¥; being the regression coefficients found in
Table 2 and Table 3. Applying Equation 1 to test data
showed a maximum deviation of ~ 5 %. A similar test
on the validity of Equation 2 shows a maximum devia-
tion of = 7 %. It should additionally be noticed, that the
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Table 2. Values of the regression coefficients, 6 for the equation fit of the heat output.

) | 6 | 6

o o

| 65 | 6

- 241 000

map (Equation 1 and Equation 2) is only guaranteed valid
within the range of the data. This corresponds to a district
heating outlet temperature between 45 °C and 80 °C and
a sea water temperature between 2 °C and 17 °C.

COP = (Y —v1exp(— % L) + ¥ Teva + W Ta
+ %(1 — N1 exp(—1 L)) Teva + ¥ Tanout + ¥ Tinow (2
+ % (1 — 11exp(—12 L)) Tan.out + ¥ Teva Tah,out

At a constant evaporation temperature of 5 °C, the sur-

face of Equation 2 is seen in Figure 2. Equation 1 and
Equation 2 form the basis of the heat pump model in Dy-
mola.
The heat pump model consists mainly of three compo-
nents: a heat moving component, a pipe representing the
condenser and a pipe representing the evaporator, as seen
in Figure 3.

0
100

335

40
Load [%] 20 350

Tanou [K]

Figure 2. Surface plot of the regression equation for COP, with a evap-
oration temperature of 5 °C.

The heat moving component includes the performance
map described by Equation 1 and Equation 2 and the cor-
relations presented in Equation 3 and Equation 4.

0. = P(COP—1) 3)

P=0h— Q. “4)

The combination of Equation 1 to Equation 4 represents
the amount of heat added to the condenser pipe, the
amount of heat removed from the evaporator pipe and
the electricity consumed by the heat pump unit. The
two pipes are found from the buildings library and allow
for adding/extracting a prescribed heat flow to the fluid
flow in the pipe. Using the buildings library, (Wetter
et al., 2014), additionally provides a simplified medium
model (assuming constant density) which improves the
simulation time.
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The performance map approach and the chosen Mod-
elica formulation do however not include any informa-
tion on the dynamic behaviour of the heat pump unit.
For the compressor, the dynamic effects are accounted for
by limiting the allowable load gradients corresponding to
tmin-max = 120s and fax-min = 60s. Notice that this is not
the actual compressor dynamics, but represents the effect
of the dynamics related to the compressor.

DH_in con Tdh_in1

»r =1 €@

7T DH_out

Load - cop

Heat
Wover

HP_on_off

false

AT Sea_water_in

~ -

10
Sea_water_out eva Tdh_in2

Figure 3. Simplified sketch of the heat pump unit i Dymola. The heat
mover contains the performance map equations.

In (Farouk Fardoun et al., 2011) it was however found
that the dominating dynamic is related to the heat ex-
changers and not the compressor. The dynamic in the heat
exchangers is accounted for by the volume of the pipes
representing the heat exchangers, which is set to ~ 4 m°.

2.2.2 Heat Pump System

The heat pump model described in the previous section
forms the base of the model used for simulation and fol-
lowing optimisation. The general idea of the simulation
model is sketched in Figure 4. Based on the total 50MWg
heat requirement for the case in Esbjerg, a maximum of
nine units is assumed. The nine heat pump units can be
arranged with maximum three parallel strings each with
maximum three heat pumps in series. As appears from
Figure 4, each heat pump unit has its own mass flow
source. However, the flow in each parallel string is iden-
tical, and the individual mass flow sources are introduced
to avoid including dynamic effects of heat pumps, which
are not included in the concept when performing the opti-
misation.
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Table 3. Values of the regression coefficients, y for the equation fit of the COP.

Yo \71 \Yz \}’3 \74 \Ys \Ys \}’7 \78 \7@
-12.52 ‘ 3.076 | -0.074 ‘ 0.710 ‘ 0.001 ‘ 0.030 | -0.474 ‘ 0.001 | -0.024 | -0.002
@ Lot @ Lot @ Lo costs related to COP, the total heating capacity of the con-
L L R L R cept and the total depreciation expenses. Based on the
oo oo oo case in Esbjerg, the expected operation and the expected
j j <_| . performance of the reference concept give rise to some ex-
0 @ @ pected costs. Changing the reference concept in Figure 1
t T z T z T will in most cases also change its performance, and the in-
. P v v P vestment cost. The concept optimisation problem can be
< j < j T <‘| formulated as seen in Equation 5.
D e @ )L minimise  COSTyp
1 N3 u
- - - : ) —
g o P J o subject to  X%(¢) = f(V,u,x(r)), )
j j <_| - Gu>g,
x(0) > xo

Figure 4. Simplified sketch of the heat pump concept simulation model
with nine possible heat pumps with a maximum 3-by-3 configuration.

2.2.3 Control

Depending on whether the heat pump concepts are evalu-
ated according to their COP, heating capacity or dynamic
response, different requirements or approaches exists. For
evaluation of COP and heating capacity, both load control
and temperature control are applied. The temperature
control adjusts the mass flow rate of the district heating
water to achieve the desired outlet temperature. This
control is only applied for the evaluation of COP and
heating capacity.

For the load control, two approaches can be used: heat
output control or power consumption control. The heat
output control is applied for steady state evaluation of the
COP and heating capacity, while the power consumption
control can be applied for evaluation of dynamic perfor-
mance. Last mentioned is especially an advantage when
considering ancillary services, since this was found to al-
low for faster regulation (Rambgll, 2019).

3 Heat Pump Concept Optimisation

From the heat pump simulation model in Section 2, the
optimisation presented in this paper seeks to find the opti-
mum heat pump concept according to its steady state COP,
heat output and the depreciation expense.

3.1 The Concept Optimisation Problem

The vector u contains the optimisation variables.

u= {Qh,n,l I Qh,n,27 sy Qh,n,9}

With Qn,; representing the nominal heating capacity of
a heat pump unit, 0 < Qpn; < 18.5 MW. All units with
Onn,i < 2 are truncated to 0, and is consequently not in-
cluded in the concept. The annual expenses include the
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With COSTyp representing the annual costs for the heat
pump, x € R? being the system state vector and V € R™
the input vector with external boundary conditions. The
nonlinear, dynamic model formulated in Dymola, is repre-
sented by f, and the constraints in the matrix G and vector

g.
3.2 Micro-Genetic Algorithm

Due to the non-linearity of the optimisation problem, there
could be multiple local suprema, and a global optimisa-
tion method must consequently be applied. For this pur-
pose, the tGA proposed in (Krishnakumar, 1990), seen in
Figure 5 is proposed and the specific parameters are based
on suggestions from (Vinther et al., 2017).

Initialisation

Using a population size of Ny =5, individuals are picked
randomly from a normal distribution with center defined
by the best solution so far and with a standard deviation
set to 50 % of the distance between minimum and maxi-
mum bounds of the optimisation variables. Additionally,
the picked parameter is truncated to be within the min/-
max bounds, which means that the odds for picking val-
ues close to the current best solution and at the bounds
increase.

Automatic restart

To avoid getting stuck at a local optimum, an automatic
restart is triggered whenever the individuals are con-
verged. This happens when all pairs in all individuals are
within 5 % of their full range. The automatic restart mean
that new individuals are picked as presented in the previ-
ous section while keeping the best (elite) individual.

Fitness evaluation

The fitness of each individual is calculated using a cost
function.

24 September 2020
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Deterministic Tournament Selection

Two individuals are picked randomly from the population
and the most fit of the picked individuals are chosen as a
parent for crossover.

Crossover - Gaussian Fitness Based

New individuals (children) are produced from the parents.
This is done by randomly picking values from a normal
distribution with center closest to the fittest parent and the
standard deviation set to 50 % of the distance between the
parents.

Initialisation Popula-
tion of N individuals

Have in-
dividuals
con-

Automatic
restart of
population

Combine children and
elite individuals to
form new population

Compute fitness and
constrain violations
of each individual

Output best
solution so far

No

Selection of
two parents
from population

Desired
number
of
children?

Produce two
children with
crossover of parents

Figure 5. Flow chart of the ttGA used for the optimisation of the heat
pump concept.

3.3 Cost Function

To evaluate the fitness of different heat pump concepts
according to their COP, heating capacity and investment
cost, the cost function in Equation 6 is introduced.

COSTyp = COSTcop + COSTHeat + COSTcapex  (6)
The general idea of the cost function in Equation 6 is to
represent the difference in annual cost between the ref-
erence concept in Figure 1 and the concept in question.
Descriptions of each term in Equation 6 (COP, heating ca-
pacity and investment cost) are presented in the following
sections.

3.3.1 Cost: Coefficient of Performance

Increasing the COP compared to the reference concept
leads to an overall reduction in electricity consumption
from the heat pumps and vice versa. The steady state COP
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is evaluated in each of the seven categories presented in
Table 1 as seen in Equation 7.

COP; )

- 7
COPref.i ( )

COSTcop = i (0] <1
i=1

The unit of the coefficients, ¢, is in DKK/year, and repre-
sents the cost penalty or profit achieved from either reduc-
tions or improvements in COP, weighted according to the
energy content in each category as seen in Table 1. This
assures, that the highest profit or penalty is associated with
the category with the highest heating demand.

3.3.2 Cost: Heating Capacity

Combining category 1 and 2, 3 and 4, 5 and 6 and keep-
ing category 7 from Table 1 forms the boundary condi-
tions applied for the evaluation of the heating capacity. In
each of these categories, the reference concept is capable
of delivering 66.7 MW, 55.8 MW, 49.3 MW, and 44.3
MW respectively. These maximum capacities are used as
a benchmark for the evaluation of the heating capacity. If
the capacity of the heat pumps is reduced, other units (gas
boiler, wood chip boiler etc.), must compensate leading to
increased costs. On the other hand, increasing the capacity
is undesirable, meaning that no profit can be achieved by
increasing this. The cost function describing the heating
capacity is seen in Equation 8.

COST}.. — imax 0.8 (1 On, ®)
- s P1 e —
heat i=1 Qh,refii

i=

Similar to Equation 7 for COP, the f; coefficients are
weighted according to the heating load in each category.
The values of o; and B; are found in Table 1.

3.3.3 Cost: Investment and Depreciation Expense

The reference price and the assumed effects of economy of
scale are based on numbers presented by (Danish Energy
Agency and Energinet, 2016). This mean, that the refer-
ence price is based on a 4 MW heat pump with a cost of
4.95 MDKK/MWq. The effect of economy of scale is set
to 0.8. Based on this, the total investment cost is described
by Equation 9

9
COSTiny = Y 66 0p 548 ©)
i=1

Expressing the investment cost relative to the reference
case and in terms of depreciation expense results in
Equation 10. A 20 year annuity with an interest rate of
1.8 % is assumed.

COSTcapex = (0.06 COSTipy — 0.06 COSTipyrer) (10)

4 Results and Discussion

4.1 Optimisation

The optimisation is initially conducted using the cost func-
tion as it is described in the previous section, with a max-
imum allowable heat pump unit size of 18.5 MWj.
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4.1.1 Convergence

One challenge when optimising a non-linear system, is
to ensure that the suggested optimum is a global opti-
mum. The optimisation allows the modeller to provide
some guesses on heat pump concepts for the initial gen-
eration. However, if a global optimum is found, the end
result both with and without a guess on a heat pump con-
cept should be consistent. For a 500 generation run this
was tested and the result is presented in Figure 6.

f

4,000,000 |

2,000,000

0] =

Cost of best fit [DKK/year]

s —

s

—2,000,000
0

50 100 150 200 250 300

Generation

350 400 450 500

Figure 6. Convergenve plot showing the cost of the best fit during 500
generation test runs with and without initial guesses.

Figure 6 shows that the end results are consistent when
running 500 generations with and without initial guesses.
This indicates that a global optimum has been reached.
Figure 6 also indicates, that the number of required gener-
ations reduces significantly, when the initial guess is close
to the optimum. However, care must be taken for a low
number of generations as this might lead to a local opti-
mum.

4.1.2 Optimised Heat Pump Concept

A sketch of the optimised heat pump concept is seen in
Figure 7.

—{ 183 | 183 | 18.1 [—

Figure 7. A sketch of the optimised heat pump concept. The numbers
inside the each heat pump box represent the chosen nominal capacity of
the heat pump.

As seen from Figure 7, the optimum heat pump concept
at the given conditions consists of three heat pump units
in series each with a capacity of ~ 18.2 MW,. Notice,
that these heating capacities sum to ~ 54.5 MW, which
is due to the different nominal conditions assumed for the
performance map. The costs for the optimised concept are
allocated as seen in Table 4.

Table 4. Cost allocation for the optimised heat pump concept.

Cost [DKK/year] | Optimised concept
Costcop -1385935
Costpeat 1417
Costyyest - 501 896
Total Cost -1 886 414
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Compared to the reference the results show, that by in-
creasing the number of heat pumps in series to three in-
stead of two, the COP improves. This is consistent with
expectations. At the same time, the cost pr. MW reduces
due to the increased unit size and the reduced number of
units.

4.2 Sensitivity Study

The results of the optimisation provides the best possible
concept in terms of COP, heating capacity and investment
cost. However, from the investors point of view the ro-
bustness of the optimised concept is not insignificant. To
demonstrate the capability of the simulation model- and
optimisation setup, a sensitivity on 3 parameters related to
the cost function will be presented in the following sec-
tions.

4.2.1 Variations in Costs for Electricity

The penalty/profit related to reductions or improvements
in COP is based on the expected costs for electricity. Con-
sequently, changes in the expected cost for electricity nat-
urally leads to changes in the total annual costs for the heat
pump concept. A significant change of + 40 % was con-
sidered initially. The results of the two optimisations are
presented in Figure 8.

—fss {13 —saf{ s 82}

(a) Elspot + 40 % (b) Elspot - 40 %

Figure 8. A sketch of the optimised heat pump concept, when the es-
timations of the expected elspot price is reduced by - 40 % (fig. a) and
increased by + 40 % (fig. b).

The optimum concepts for both an increase and a reduc-
tion in costs for electricity are, as seen in Figure 8, similar
to the concept found from the original optimisation. The
costs are allocated as seen in Table 5.

Table 5. Cost allocation for optimisation with the cost for electricity
increased by 40 % and reduced by 40 %.

Cost [DKK/year] +40 % -40 %
Costcop -1728332 | -1078 343
Costpeat 2 889 1728
Costynyest -503 097 - 502 245
Total Cost -2228542 | -1578 865

Since the concepts are similar to the concept found
from the original optimisation, the costs regarding heat-
ing capacity and investment are similar as well. As ex-
pected, an increase in costs for electricity increases the
profit achieved by improving the COP, whereas reduced
costs for electricity reduces the profit achieved from im-
proving the COP. With three large units, the investment
costs are at a minimum due to the effects of economy of
scale, and since the COP is maximised by connecting the
three large heat pump units in series, the result is consis-
tent with expectations.
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4.2.2 Adjusting the Benchmark for Investment Cost

The investment costs in the initial optimisation is based
on the numbers presented in (Danish Energy Agency and
Energinet, 2016). However, a lower cost estimation and a
higher cost estimation is presented as well. Similar to the
electricity costs, adjusting the benchmark for the invest-
ment costs does not change the design of the optimised
heat pump concept, meaning that the the result of the opti-
misation again suggest three serial coupled heat pumps of
~ 18.2 MW. The costs are allocated as seen in Table 6.

Table 6. Cost allocation for optimisation with the low cost estimation
benchmark and with the high cost estimation benchmark (Danish En-
ergy Agency and Energinet, 2016).

Cost [DKK/year] | Low benchmark | High benchmark
Costcop - 1403 569 - 1409 097
Costpeat 1 306 74 784
Costryest -336 398 - 922706
Total Cost -1738 661 -2257019

Observing the investment costs, the low benchmark
produces a reduction in the effect of investment cost
whereas the high benchmark increases the profit from
choosing the concept with the lowest possible investment
costs. On the other hand, the increased investment ref-
erence price implies that the optimisation reduces the ca-
pacity to a minimum in order to achieve the highest invest-
ment cost profit.

4.2.3 Changes in Effects of Economy of Scale

The assumed economy of scale-effect of 0.8 is as the last
parameter varied. Firstly by increasing the effect to 0.5,
meaning that a doubling of the heat pump capacity only
give rise to a 50 % cost increase. Secondly the effect of
economy of scale was removed completely. The optimum
concepts under these conditions are seen in Figure 9.

—{ o1 o1 H oo |-
—f i3 {ss {1 —for [ oa o |-

(a) EOS =50 % (b) No effects of EOS

Figure 9. A sketch of the optimised heat pump concept, when the ef-
fects of economy of scale are incresed to 50 % (fig. a) or removed
completely (fig. b).

The noticeable result from this optimisation, is that re-
moving the effects of economy of scale, does, contrary to
all other sensitivities conducted, produce a different opti-
mised heat pump concept. The reason for this becomes
more apparent when considering the cost allocations pre-
sented in Table 7.

Table 7. Cost allocation for optimisation with increased effects of econ-
omy of scale (0.5) and with no effects of economy of scale.

Cost [DKK/year] EOS =0.5 EOS =1
Costcop -1403 654 | -1721945
Costpeat 1703 52 540
Costipyest - 777 417 38286
Total Cost -2179368 | -1631119
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By having two parallel strings instead of one as
suggested in the original optimisation, the profit from
COP increases from ~ 1.4 million DKK/year to ~ 1.7
million DKK/year. The reason for this can be found in
the chosen control strategy, which ensures that whenever
more than one string is present in the heat pump concept,
the second string, third string etc. will remain inactivated
until the first parallel string reaches 100 % load. The
apparent consequence of this is that the COP during the
first categories increases due to increased load-levels
caused by the reduced activated capacity, when the
second string has not yet been activated. On the other
hand, removing the effect of EOS makes it impossible to
achieve any profits in terms of investment costs and for
that reason, the total annual savings are slightly less than
for the original optimisation.

One noticeable potential achieved from the combina-
tion of the dynamic model in Dymola and the chosen
optimisation algorithm is that it allows to include a
wide number of parameters in the optimisation. In this
paper, only the steady state COP, heating capacity and
investment costs of the heat pump concept are included.
However, the setup has the potential to include Dynamic
effects as e.g. control parameters and ancillary services
as well. Parameters as maintenance and ensuring redun-
dancy would most likely also affect the final choice of
heat pump concept. Last mentioned is especially interest-
ing regarding the concept suggested by the optimisation,
since it has only a single parallel string. A consequence of
this is that in order to ensure redundancy, extra piping etc.
for bypass would be necessary, which in the end increases
the investment costs. Additionally, requirements and
potential limitations defined by the heat pump suppliers
could furthermore influence the result of the optimisation.
These effects could, similar to dynamic effects and control
strategies be included in the optimisation if it is quantified.

To demonstrate, that other parameters such as the po-
tential for providing ancillary services might affect the op-
timisation results, a small capacity test on the reference
concept and the optimised concept was conducted. As-
suming that during ancillary services, the maximum ca-
pacity provided corresponds to one parallel heat pump
string running at 10 % load. For the reference concept
this corresponds to a maximum regulation capacity of 11.1
MW, while the optimised concept has a maximum of 10.4
MW,. The question is whether this difference in capacity
for bids affects the annual costs for the concept. Assuming
the following availability payments (Energinet, 2019), the
difference in annual profit from availability payments are
found in Figure 10:

e FCR,, = 276 DKK/MW,/h
e FCRgoyn = 26 DKK/MW,/h

e aFRR =150 DKK/MW,/h
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Figure 10. Lost availability payment from ancillary services relative to
reference concept for 500 h/year and 4000 h/year respectively.

Figure 10 illustrates first of all that the difference in potential
availability payment depends on the amount of hours won. Sec-
ondly, it can be seen that if assuming 4000 availability hours per
year, the difference in maximum capacity implies a significant
profit increase for the reference case.

5 Conclusion

A heat pump concept optimisation setup was developed and
demonstrated based on an ongoing project in Esbjerg. The com-
bination of a dynamic model formulated in Dymola and the
micro-genetic algorithm formulated in Python was found to be
a promising tool for heat pump concept optimisation, especially
due to the potential to include everything from the relatively sim-
ple steady state COP evaluations presented in this paper, to more
complex dynamic effects as control parameters and ancillary ser-
vices.

The sensitivity analysis indicated that with the optimisation vari-
ables and cost functions presented in this study, the optimised
heat pump concept is very robust to changes in both costs for
electricity and the basis of the calculation of the investment
costs. Removing the effects of economy of scale does however
change the optimum concept from a single heat pump string with
three large scale heat pump to a concept with two parallel strings
each with three heat pumps in series.
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