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Abstract. This work outlines an approach to the optimal design optimization of
a photovoltaic (PV) and battery storage system and its integration into the sector-
integrated energy system of a logistics company’s facilities. Another major objec-
tive is the optimized integration of refrigerated trailers (reefers) into the energy
systemwith the goal ofminimizing both costs andCO2 emissions, as demonstrated
in a case study. For this purpose, an existing energy systemmodel utilizing reefers
was optimized for computing time and the energy system was extended through
the use of a facility’s cooling utility. Multi-criteria design optimization was per-
formed using a multi-objective evolutionary algorithm based on decomposition
(MOEDA/D) approach. For this, three key performance indicators (KPIs) were
used: the annuity, CO2-emissions, and own-consumption rate. The results of the
multi-criteria design optimization were then analyzed using Pareto fronts. Stake-
holders are thus able to find their individual techno-economic/ecological opti-
mum and so plan the transformation to an decentralized, renewable, distributed
energy supply accordingly. Three selected Pareto optimal results were selected
to evaluate the effect of PV and battery storage on the optimal operation of the
sector-integrated energy system and reefer integration.

Keywords: Multi-objective design optimization · sector-integrated energy
system · PV and battery storage · temperature-controlled transportation · Pareto
fronts

1 Introduction

1.1 Background

The electrification of an increasing number of sectors leads to corresponding challenges
for electrical grids due to an overall increasing energy demand, missing simultaneity
between generation and consumption, and load peaks that result. Decentralized, sector-
integrated systems can be a solution in many areas to reduce grid expansion and advance
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the energy transition [1]. This also affects logistics companies, which must integrate
renewable energies solutions into both their vehicle fleets and facilities. Distributed
generation and storage systems will play a key role in this transformation.

Sector-coupling or the sector-integrated decentralized energy systems offers a solu-
tion path to mastering the challenges of the energy transition. The coupling of the elec-
tricity, heating, cooling, and transportation sectors offers the possibility of substituting
fossil energy sources with renewable ones. The integration of renewable energy sources
requires a high degree of flexibility and load management solutions. Solutions must also
be found for the transportation sector in particular, so that it can also be integrated into
decentralized, sector-integrated energy systems [2, 3], and [4].

An increasingly important driver of decentralized solutions is the cost of fossil fuels
which, on the one hand, has seen a sharp increase in recent months and, on the other, is
expected to rise in the near future due to the national CO2 pricing of Germany [5] and the
EU’s CO2 certificate trading system [6]. Due to the uncertainty of prices in energy pro-
curement, energy self-sufficiency is also becoming increasingly appealing to small- and
medium-sized enterprises (SME), aswell as industrial companies, increasing the demand
for solutions for decentralized generation and storage at company sites. It is therefore
becoming increasingly important for logistics and other companies to substitute as many
fossil energy sources as possible, such as fuels for transport, in a decentralized manner,
e.g., by carrying out pre-conditioning processes for temperature-controlled vehicles. For
this, the present study offers a modeling approach for achieving the transformation of an
existing, conventional energy system into an optimized, distributed and integrated one.

1.2 Related Work

The demand for temperature-controlled transportation has been increasing in recent
years, as shown by the number of registered refrigerated trailers (reefers) identified in
market analyses [7, 8].

With rising fossil fuel prices [9] and increasing pressure to reduce greenhouse
gas emissions through the shortage of certificates [6], fossil energy sources must be
substituted where possible.

In 2015,CEDelft presented a studywhich showed that the electric cooling of refriger-
ated transport vehicles can save 290–580 kt/CO2 during their idling time [10]. However,
the technical prerequisites for the electric conditioning of reefers mean that they are
often still operated by diesel and thus produce more emissions, are less energy-efficient,
and are significantly noisier [11, 12].

In research, the integration of all sectors and concepts for green logistics to reduce
emissions, e.g., in temperature-controlled transport, is currently attracting widespread
interest [13].

Rai et al. evaluated the environmental impact and energy demand of diesel-fueled,
temperature-controlled, over-the-road transportation and compared it to alternative
refrigeration technologies in the food distribution sector [11, 14], and [15]. In [11],
a method is also presented for modeling a reefer and calculating its energy demand.

Schmeling et al. present a generalized methodology for optimizing the design of
distributed energy systems [16]. In their exhaustive literature review, they outline the
main approaches to design optimization that have been used thus far. They found that a
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multi-objective evolutionary algorithm based on decomposition (MOEDA/D) approach
has not yet been employed. The Python library PyGMO [17] was used for design opti-
mization of different technologies for a distributed energy system. The energy system
was modeled in oemof.solph [18] and a linear optimizer is used to optimize the operating
strategies of the system [16]. Meanwhile, Schönfeldt presents a techno-socio-economic
Pareto approach to energy system optimization [17]. Both studies present how results
can be analyzed with several key performance indicators (KPIs) using Pareto fronts.

This study also draws on the method presented in [16] and [17].

1.3 Contribution

In this paper, we present a refined model of the sector-integrated energy system of a
logistics property from [18] based on the open energy modeling framework (oemof ).
The focus of the modeling aspect is the computing time-optimized model of the pre-
conditioning process of reefers and the integration of cooling demand and supply into a
sector-integrated energy system.

For the optimized integration of reefers into a local energy system, we present an
approach to themulti-criteria design optimization of a PVand battery storage system. For
this, we employ theKPIs of annuity, CO2 emissions, and degree of PVown-consumption
rate and evaluate the Pareto-optimal results.

Using the example of a case study of the distributed energy system of a logistics facil-
ity, we highlight the developments resulting from the transformation of a conventional
energy supply towards a sector-integrated one.

In a previous work by the authors, a method was presented for estimating the energy
demand of refrigerated trailers based on telematics data [18]. Furthermore, the modeling
of a sector-integrated energy system, with a focus on the reefer component, was pre-
sented.With the help of a linear optimizer, the overall energy systemwas then optimized
for its costs. In contrast, the focus of this work is on the design optimization of a PV and
battery storage system within a sector-integrated energy system that takes into account
the integration of the reefer preconditioning processes.

2 Methodology

2.1 Case Study

For this study, a logistics facility in Lower Saxony was considered that is in the process
of changing its energy supply from a conventional fuel-based one to a sector-integrated,
mostly electric supply. In particular, the integration of temperature-controlled transports
is considered (Fig. 1).

Thismeans that in addition to the electricity, heating, cooling, andpassenger transport
sectors, the logistics sector is also considered in the analysis of the local energy system.
Here, the preconditioning processes of reefers, whichwere previously supplied by diesel,
are powered by the local electrical grid. Tractors are not taken into account, as they are
not refueled on-site. The electricity supply currently consists of an electrical load at the
logistics facility buildings and a connection point to the public grid. In future, it should
be complemented by a PV and battery storage system.
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Fig. 1. Overview of the components of the observed energy system (blue: conventional; green:
additional to the sector-integrated energy system).

The heat demand (space heating, domestic hot water and air conditioning) is initially
met by gas boilers and a connection to the public natural gas network. In the second
step, heat pumps and hot water buffer storage are integrated into the system, with the
gas boilers reserved for peak load coverage alone. The cooling demand is met by heat
pumps (chillers) combined with a cold water storage capacity.

In terms of the personal transportation of the logistics company, the fleet will be con-
verted from fuel-driven to battery–electric vehicles (BEVs) and a charging infrastructure
will be integrated into the local energy system.

As an additional electrical consumer, reefers thatmust be preconditioned to a specific
target temperature (set-point) will be connected to the electrical system on-site. Once
the set-point is reached, the reefers will be disconnected and no longer considered part
of the energy system.

For the energy system described, the optimal size of distributed PV generation and
storage is evaluated. Two different scenarios are considered (Table 1): a conventional
case in which the preconditioning processes of the reefers are conducted using diesel and
one in which the reefers are electrically-connected to a decentralized grid. In addition
to the goal of the optimized integration of the reefer, the question of the influence of
parallel developments in other areas of the energy system on the design optimization
of PV and battery storage configurations will be investigated, i.e., what influence does
the conversion of personal transport in favor of BEVs or the heat supply to heat pumps
have on the results of the design optimization? The analysis of the design optimization
is based on three KPIs, namely: annuity, CO2 emissions, and own-consumption rate.

Table 1. Scenario definition.

Scenario Description

Conventional
energy system (CES)

Gas-covered heat demand, no BEVs, no heat
pumps, diesel-fueled reefer pre-conditioning
processes

Sector-integrated energy system (SIES) Sector-integration, electric reefer
pre-conditioning
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Table 2. Energy demand per sector during the observation period (01/07/2021 to 30/06/2022).

Sector In MWh

Electricity 178.62

Heat 281.13

Cooling 12.74

Mobility (BEV) 58.58

In the case study, fixed time series of electricity, heating and cooling demand for
a period of one year (01/07/2021 to 30/06/2022) were used. Table 2 shows the annual
energy demand of the different sectors. Data from the ELogZ research project was used
as the basis for the electricity, heat and cooling load profiles [19].

For the modeling of the PV system, the Python library pv_lib was used [20], with
weather reports for irradiance (GHI, DNI, DHI), wind speed, and ambient temperature
time series from Open DWD employed [21].

The calculation of the coefficient of performance (COP) of the heat pumps and
energy efficiency ratio (EER) of the chillers was performed in accordance with [22].

Variable consumers such as BEVs and reefers that are only temporarily on-site do
not have a fixed consumption time series. When a reefer is preconditioned or a BEV
loaded is determined by the optimizer. The calculations of the energy demand of the
BEV and reefer charging or preconditioning processes were performed on the basis of
project results [19] and own calculations and can be traced in [18].

2.2 Key Performance Indicators

Three KPIs were used for the multi-criteria design optimization (Fig. 2): The annuity,
CO2 emissions, and PV own-consumption rate (OCR) of the energy system. The goal
of optimization is to minimize costs and emissions and maximize the OCR.

2.2.1 Annuity

The annuity AN is calculated according to part 1 of guideline VDI 2067 [23] and [16],
which describes the basics of the economic efficiency of building installations and is
used in this study to calculate the annuity of PV and battery storage systems.

KPIs 

Annuity 

CO2 
emmisions 

Own-
consump on 

Fig. 2. Overview of the KPIs.
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The design of a PV and battery storage system includes the annuity of capital-related
and operation-related costs (AC and AOP), as well as proceeds AP (Eq. 1):

AN = AC + AOP − AP (1)

The capital-related costs were calculated as follows:

AC = (A0 + A1 + · · · + An − RV ) · a (2)

where A0 is the cash value of the initial investment, A1 to An are the cash values
of replacements within the observation period, and RV is the residual value of the
investment.

The annuity factor is obtained from Eq. 3:

a = (q − 1)

(1− q−T )
(3)

The interest rates, price change factor and observation period used herein are listed
in Table 3.

The residual value RV can be calculated as shown in Eq. 4:

RV = A0 · rn·TSL · (n + 1) · TSL − T

TSL
(4)

Table 3. General parameters for calculating the annuity.

General Parameters Values

Observation period T 10 years

Interest factor q 1.060

Price change factor r 1.027

Table 4. Calculation parameters for determining the operation-related costs.

PV Battery

TSL 20 10

fM 0.005 0.01

f S,In 0.005 0.01

Table 5. Assumptions of the EEG remuneration according to plant size [24].

PV Size EEG remuneration

Up to 10 kW 0.0624

Up to 40 kW 0.0606

Up to 750 kW 0.0514
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Table 6. CO2 emission factors for the German electricity mix, natural gas and diesel.

Energy source CO2 emissions factor
[g/kWh]

Electricity mix [28] 420

Natural Gas [29] 182

Diesel [29] 266

where a is the annuity factor, TSL the service life of the energy system in years, T the
period under consideration in years, interest factor, price change factor, and number of
replacements n, whereby the number of replacements n is calculated from the ratio of T
to TSL. For the initial investment costs A0, internal project calculations were used [19].

The calculation of the operating costs was carried out according to Eq. 5:

AOP = A0 · (fM + fS) (5)

where fR is the factor for the repair effort and fS+Insp the factor for service and inspection.
The proceeding AP that can be generated by the EEG funding or day-ahead prices

for PV systems when it is fed into the grid is calculated as shown in Eq. 6:

AP = E1 · a · bE (6)

where E1 is the proceedings of the first year and bE the price dynamic cash value factor
for proceeds (Eq. 7).

bE =
1− ( r

q )
T

q − r
(7)

As the installed power of the PV plant exceeds 100 kW, according to EEG § 10b, this
must be accounted for in direct marketing efforts [25]. A revenue of e 0.0601/kWh is
assumed from directmarketing, corresponding to the EEG reference values for payments
for PV [26], minus a direct marketing service charge ofe 0.004/kWh, according to [27],
for PV electricity fed into the grid.

2.2.2 CO2 Emissions

CO2 emissions within the period under consideration are calculated using the CO2
emission factors for the German electricity mix, natural gas, and diesel, as shown in
Table 6.

The calculation is performed by multiplying the required energy quantities of grid
electricity, natural gas and diesel by the respective emission factors (Table 6) and a
subsequent summation.

2.2.3 Own-Consumption Rate

The own-consumption rate (OCR) is calculated as shown in Eq. 8:

OCR = own consumed PV energy

Total PV generation
· 100 (8)
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The OCR consists of the ratio of own-consumed PV energy and the total generated
PV energy spanning the entire observation period.

2.3 Energy System Modeling and Linear Optimization

2.3.1 Open Energy Modeling Framework

For the modeling of the sector-integrated energy system, the open energy modeling
framework (oemof ) was used [30]. With the help of different oemof libraries, activi-
ties such as the generation of load time series can be undertaken and sector-integrated
energy systems can be modeled and optimized. We used the oemof.solph library [31].
Oemof.solph functions as awrapper for thePyomoPython library [32],which can be used
to solve linear optimization problems. Different solvers can be employed. In this study,
the CBC solver (coin-or-branch and cut) was used [33]. The structure of oemof.solph is
based on the components: Sink, Source, Bus, LinearTransformer, and GenericStorage.
All components were connected by so-called Flows. A system of linear equations, with
constraints if necessary,was then set up for amodeled energy system andminimized to its
total cost by the solver. Further information on the individual oemof.solph components
and optimization can be found in [34] and [35].

2.3.2 The Investigated Energy System

The description of the basic model of the energy system with oemof components and
all technical and economic parameters can be traced in [18], with Fig. 1, Fig. 3, and the
following describing the aspects that have been changed or added in this study.

The electrical connection of the property is limited to 240 kVA. The PV and battery
storage system no longer has a fixed nominal power but only a maximum of 150 kWp
PV power and 150 kWh storage capacity.

In addition to the existing energy system from [18], an further cold sector was
integrated. The cooling demand (Table 2) is covered by chillers and a 1000 m3 cold
water storage (CWS) unit. The chiller is modeled as a LinearTransformer with a pre-
calculated time series of the EER in accordance with [36]. For the modeling of the
CWS, the oemof.solph component GenericStorage is used. The storage has an assumed
conversion factor of 90% during charging and discharging. The nominal storage capacity

Source Bus
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Public Grid Gas GridPhotovoltaikDiesel

BEV Charging 
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Reefer Colling/
Hea�ng 
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Fig. 3. Investigated sector-integrated distributed energy systems in oemof.solph components. The
gray components were adapted from [18].
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is given by Eq. (9):

CWSnom = VWater · ρWater · CWater · (Thigh − TLow) (9)

where VWater is the water volume, ρWater the water density, CWater the heat capacity of
water,Thigh themaximumwater temperature (12 °C), andTLow theminimum temperature
(6 °C).

The relative losses of the storage are given by the loss rate LR in Eq. 10:

LRCWS = UIso · ASurface

VWater · ρWater · CWater + ASurface · SIso · ρIso · CIso
(10)

where UIso is the U-Value of the isolation, ASurface the surface of the buffer storage, SIso
the insulation thickness, ρIso the insulation density, and CIso the insulation heat capacity.

For computing the time reduction, a simplified model of the reefers was introduced
for this study, contrasting with [18]. Hereby, the power demands for pre-cooling or pre-
heating of all reefers present at the facility were aggregated. Thus, instead of optimizing
each connection individually, the aggregated demand of the sum of all pre-cooling and
-heating processes was determined. The principal structure of the modeling of a reefer
with oemof.solph components is shown in Fig. 4 and described in more detail in [18].

Each reefer has a maximum electrical connected load of 13.2 kW in cooling and
8.8 kW in heating mode. The presence times on the property can be taken from Fig. 5.
Here, the probabilities of which day of the week the reefers are at the site are also
presented.
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Fig. 4. Reefer modeling of the oemof.solph components, according to [18].

Fig. 5. Reefer attendance times on the property for preconditioning processes [18].
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2.4 Design Optimization

PyGMO was developed for parallel optimization and can be used to solve different
kinds of optimization problems, such as single or multiple target problems or those with
or without constraints. With the help of the asynchronous, generalized island model,
evolutionary algorithms and other algorithms can be easily mixed and adapted to an
optimization problem [37]. In comparison to traditional genetic algorithms (GAs), the
generalized island model operates with the idea of different subcultures that live on
different islands. The possibility of recombination between any two individuals becomes
restricted. Recombination is now limited to individuals of the sub-culture of one island.
On each island, a different GA with different optimization parameters can be utilized.
Solutions can be exchanged in a so-called migration process. At certain points in time, a
migration operation is used to select individuals from one island to send them to another
and introduce them to a foreign population [38]. For the design optimization, PyGMO
[37] in combination with oemof.solph was used, as shown in Fig. 6.

The process can be described as follows: The first step is to generate the energy
system model using oemof.solph components (Sect. 2.2). In the second step, the multi-
objective design optimization problem is implementedwithPyGMO, on top of the energy
system one.

It was first determined how the archipelago should look and how many generations
per evolutionary step should be passed through. The parameters used in this study are
shown in Table 7.

In this case study, three islands were used and each of them ran a different algorithm.
The algorithms NSGA2, MACO, and NSPSO utilized are further described in [39]. For
each individual, i.e., a dimensioning of the PV and battery storage system, an operation

Mul�-Objec�ve 
Design 

Op�miza�on

Energy System 
Modelling

Opera�on 
Strategy 

Op�miza�on  

PV and Ba�ery Size

Pareto Op�mal
Results

Energy 
System
Model

Pareto Front 
Evalua�on

Opera�on 
Op�mized 

Energy System

Fig. 6. Flow-chart of the multi-objective design optimization approach.

Table 7. Parameter overview of the multi-criteria design optimization with PyGMO [37].

Islands 3

Algorithms [39] NSGA2, MACO, NSPSO

Population size 24

Number of generations 3

Evolutionary steps 100
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Table 8. Pareto-optimal results of the design optimization for PV and battery storage size.

PV Size [kW] Battery Storage Capacity
[kWh]

Scenario SIES CES SIES CES

Pareto-optimal solutions 7626 9948 7626 9948

Mean 105.34 100.68 50.26 67.61

First quartile (Q1) 77.61 77.89 8.54 23.45

Median 114.07 109.70 37.97 64.24

Third quartile (Q3) 136.64 132.44 81.41 107.30

optimization was performed with oemof.solph. The evaluation of the KPIs takes place
in a third step. The KPIs are then fed back into the evolutionary algorithms mentioned
previously. The result of this evolution is multiple Pareto-optimal (i.e., no particular KPI
can be improved without worsening another one) component dimensioning’s.

3 Results

3.1 Multi-objective Design Optimization Results

The design optimization yields 7626 Pareto-optimal results from a total of 21,600 opti-
mization runs in the SIES and 9948 for the CES scenario (Table 8). Unless otherwise
stated, all units should be understood as units per observation period.

For the SIES scenario, the median PV size is 114 kW and for the interquartile range
(first to third quartile), it ranges from 78 to 137 kW of installed capacity (see also Table
8).

The interquartile range of the battery storage capacity ranges from 8.58 to 81 kWh,
with a median of 32.54 kWh in the SIES scenario.

Comparing the size design of the CES with the SIES using boxplots, differences
quickly become apparent (Table 8 and Fig. 7). The box marks the interquartile range
between the first and third quartile of all values, whereas the orange line marks the
median values. The lowest point of the whisker indicates the minimum value, whereas
the highest point of the whisker represents the maximum value.

Figure 7 shows the comparison results of the design optimization scenarios for a PV
system and battery storage. The interquartile range for the PV system is very similar and
the median is on the same level. With respect to storage size, the interquartile range of
the CES scenario is higher and the median is about 27 kWh apart.

3.2 Pareto-Front Evaluation of the Sector-Integrated Energy System

How the individual KPIs affect the sizes of the battery capacity and storage size is shown
in Fig. 8 and Fig. 9.
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Fig. 7. Evaluation of the Pareto-optimal design results of the PV system size and battery storage
capacity.

Fig. 8. Analysis of the Pareto-front of the KPIs of annuity and CO2 emissions from the sector-
integrated energy system scenario. The color gradient indicates the size of the storage capacity
(from small: dark blue, to large: light yellow), whereas the size of the circles shows the size of the
installed PV power.

Fehler! Verweisquelle konnte nicht gefunden werden. Displays the relationship
between annuity and CO2 emissions. It can be seen that a large PV system with a
substantial battery capacity produces the lowest emissions, but results in the highest
annuity. With a very small battery capacity but a large PV system, the annuity is the
lowest and CO2 emissions increase only slightly. Looking at the color gradient on the
left edge, it is clear that the battery size and annuity in particular are positively correlated.
However, the PV size has the greatest impact on emissions, which becomes clear when
looking at the lower horizontal line (only very small storage capacities) from left to right
(increasing circles or PV sizes). With a virtually unchanged storage size, the emissions
increase with decreasing PV size.

Fig. 9. Analysis of the Pareto-front of the KPIs of own-consumption rate and CO2 emissions
from the sector-integrated energy system scenario.
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Table 9. Statistical comparison of KPIs between conventional and sector-integrated energy
systems.

Annuity in ke CO2 emissions
in t

Own-consumption rate in %

Mean 70.48 266.64 90.24

25% 66.20 237.53 85.52

50%
Median

70.11 254.33 89.66

75% 75.03 289.81 95.63

Figure 9 shows the relationship between CO2 emissions and the OCR. Large battery
capacities (yellow) and PV plant size (large circles) result in decreasing emissions of up
to 85% OCR. On the left side it is shown that with maximum storage size and PV, no
greater OCR than about 86% is possible, but a decrease in storage capacity (dark blue)
leads to an increase in CO2 emissions.

A statistical summary of the SIES scenario KPIs of all Pareto-optimal results is
presented in Table 9.

3.3 Optimized Sector-Integrated Energy System Operation and Reefer
Integration

Due to the simplified reefer model, the runtime of each oemof.solph optimization can be
significantly reduced. Thus, an optimization run with single reefer models requires 287 s
and can, with the simplified model, be reduced to only 101 s. This time only corresponds
to the pure optimization time from oemof.solph and does not include building the model
or loading the datasets. Taking all factors into account, the computing time can be reduced
by a factor greater than ten. For the design optimization of the PV and battery storage
system, it is not important to have recorded each single reefer, but to have aggregated the
power. This generates additional costs (capacity charges) at the grid connection point,
which is considered in the operation optimization in oemof.solph and varies depending
on the PV and storage system’s size.

To investigate the effect of PV and battery storage on the distributed energy system
and reefer integration, three different Pareto optimal results were selected and analyzed.
For this purpose, a result with large PV and no storage (C1), small PV and large storage
(C2), and a medium size (C3) each were analyzed (see Table 10). As a reference case,
optimization is performed without PV and battery storage.

For cases C1-C3, individual linear operation optimizations with oemof.solph were
performed. The load behaviour at the grid connection point and at the sub-distribution
to the reefers was evaluated, to see the effect of the PV and battery.

The load duration curve in Fig. 10 shows that a high PV power without storage has
the highest peak loads (blue line, reference and orange line, C1). However, a large PV
(C1) can reduce the permanent load. The use of a battery storage (C2 and C3) reduces
the peak load and the continuous load compared to the reference case.
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Table 10. Selected results for which extra operating strategy optimization is performed.

PV in kW Battery
in kWh

Annuity
in ke

CO2-emissions in t OCR
In %

C1 145.0 0.0 59.4 239.2 79.3

C2 56.1 141.0 83.1 314.8 99.0

C3 80.6 80.2 76.3 285.8 95.6

Fig. 10. Load duration curve of cases C1 and C2 and the reference case.

Table 11. Maximum peak loads at reefer connection point.

Ref. C1 C2 C3

Peak Load at Reefer Connection Point [kW] 48.44 63.29 113.73 113.73

At the connection point of the reefers, looking at the maximum load peaks shows
the effect of PV and battery storage Table 11.

The maximum load peaks (Table 11) show which high loads are possible within
the local grid using a battery storage and or PV (C1, C2 and C3) and without loading
the house connection point (Fig. 10). In particular, the use of a battery storage system
enables high peak loads (C2 and C3).

4 Discussion

In the previous chapter, the results of the design optimization of a PV and storage system
were presented and evaluated based on three KPIs.

For the analysis of the Pareto-optimal results of the variables, a comparison between
a SIES and CES was performed. The difference in the optimal results of the PV system’s
size is onlymarginal. Due to an increased electrical energy demand through the provision
of heat by a heat pump and transport demand through BEVs and reefers, the plant size
increases on average by only 5 kW, compared to the CES scenario (Table 8). The slight
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Fig. 11. Impact of PV on the KPIs of annuity and CO2 emissions. The circles here represent the
battery storage capacity size within the Pareto-front.

increase can be explained by the increased electrical energy demand. However, the fact
that this is so low can be understood if we examine the KPIs.

The comparison of the annuity and the degree of own-consumption (Fig. 11) shows
that the increase in the degree of own-consumption is disproportionately costly for a
large system.

Only in the design of the storage capacity domajor differences between the scenarios
become apparent. The deviation of the mean values is around 14 kWh and the median is
27 kWh when comparing the scenarios. The storage capacity is larger in the case of the
CES. The increased electrical demand in the SIES scenario increases self-consumption,
even without battery storage. Thus, the storage system can be designed to be somewhat
smaller, which reduces the annuity without worsening the other KPIs.

What is only considered in the linear optimization of the oemof.solph model is the
minimization of load peaks by penalizing additional purchasing power at the connection
point. With the conversion of cars to BEVs and reefers from diesel to electric, this
aspect naturally presents many challenges, especially when several reefers and BEVs
are present at the same time and so high load peaks can occur.

By using a battery storage, it is possible to absorb high power peaks of e.g. reefers.
This can have advantages in operation when preconditioning processes have to be fast
and many processes have to be carried out simultaneously. As the analysis of the load
behavior at the grid connection point and reefer connection point shows, the use of PV
and battery storage offers the possibility to reduce peak loads and thus grid charges.
In addition, the battery storage in particular provides flexibility so that high load peaks
within the local grid are also possible.

An analysis of how a different number of preconditioning reefers at a logistics site
affects peak loads and how these can be reduced via optimized schedules was performed
by the authors in [18].

5 Conclusions and Outlook

In this study, an approach was presented by means of which it is possible to carry out
the design of distributed generation and storage with multi-criteria objectives. In the
case study of the decentralized energy system of a logistics property, in which the con-
ventional diesel-powered transportation system and heat supply are electrified, a design
optimization for a PV and storage system was conducted. Three KPIs were introduced
for this purpose: the annuity, CO2 emissions, and degree of own-consumption rate. The
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energy system was modeled based on a previous work [18] that employed oemof.solph.
A runtime-optimized reefer model was developed for the electrical preconditioning pro-
cesses of reefers into a sector-integrated system. For themulti-criteria design, the Python
libraryPyGMO was introduced. In total, 21,600 optimizations were performed. Only the
Pareto-optimal solutions were used for analyzing the results. By comparing a conven-
tional (CES) and sector-integrated energy system (SIES), the influenceof sector-coupling
on design optimization could be demonstrated.

Based on the Pareto-optimal results, a configuration of PV and battery capacities can
be selected depending on the needs of the energy system’s stakeholders, e.g., whether
the emissions of a company or the annuity are the focus. These results can then be used
to perform an operating strategy optimization using linear optimization and the energy
system model in oemof.solph. The combination of oemof.solph and PyGMO allows the
design of much more complex power systems and the optimization of their operating
strategies. Ultimately, it is a question of computing capacity.

In further analyses, other KPIs can also be selected, such as the minimization of load
peaks, primary energy demand, and maximizing the degree of self-sufficiency, which
becomes intriguing again in times of uncertain energy price developments. In addition,
this method can also be used for larger energy systems and a variety of technologies.
Examples are given by Schmelling et al. [16].

For the optimization of the energy systems operation or operating strategies of
flexible loads and producers, the oemof.solph model should be extended to include a
prediction-based operation optimization. For real world application, a prediction-based
model with uncertainty quantificationwould be necessary. For design optimization, eval-
uation of results and estimation of energy requirements, the presented approach is highly
suitable.
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