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Abstract

The burden that has come upon the environment, combined with the
ever-declining fossil fuel reserves, has led to the need of reducing the
conventional energy consumption in building sector and to the
promotion of systems based on Renewable Energy Sources (RES).
This paper deals with the optimization of multi energy systems in
order to cover the needs of hot water in domestic use. In particular,
integer linear programming models are formulated and the optimal
solutions regarding the degree of participation of the multi energy
systems are explored; economic, energy, and environmental criteria
are assumed. The respective mathematical programming approaches
include linear objective functions, multiple objective functions that
either do or do not use weights, as well as goal programming-based
ones. The modeling and solution of the problems is done with the
General Algebraic Modeling System (GAMS).

The case study refers to residential use; both conventional and RES
systems are selected for the respective energy demand coverage.
The time step of the analysis is 1 hour, in the context of annual
operation. According to the results, in the case of the energy criterion,
biomass predominates, or heat pumps, when biomass is not
included, with an increase in participation of solar thermal collectors
when the environmental criterion is introduced. The participation of
solar thermal factor is also reinforced in the case of goal
programming, because of the relaxation of the initial targets. The
analysis demonstrated that the existing integer linear programming
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methodological tools can be used for investigating problems of
multiple energy systems or comparing subsystems.

Keywords: optimization; multi energy systems; energy hub; linear
programming; domestic hot water; renewable energy systems

1. Introduction

One of the most crucial issues worldwide, especially in the last two
decades, is the increase of the energy consumption due to the increase
of the world population, but also to the economic development. In the
European Union (EU-27), according to published data of 2019, it can be
seen that the residential building sector is responsible for 26% of the
total energy consumption [1]. The EU is particularly concerned with
limiting the energy consumption of the building sector, as it is
demonstrated by the Energy Performance of Buildings Directive (EPBD)
[2] and its recasts, mentioning the most recent one [3]. Moreover, the
EU has set ambitious goals to reduce the consumption of primary
energy, which is based on fossil fuel, and consequently Carbon Dioxide
(CO,) emissions to the atmosphere. A relevant reference goal of EU
anticipated that newly constructed buildings should be in compliance
with the specifications of near Zero Energy Building (nZEB); a deadline
of 31st December 2020 was set. Regarding future prospects, the
imposed targets for 2030 refer to: (a) an initial reduction of at least 40%
of greenhouse gas emissions, comparing to levels of 1990, (b) an
allocation of at least 32% of energy used to the RES and (c) an
improvement of at least 32.5% in the energy efficiency of the energy
systems used [4].

Covering the energy needs for domestic water heating in the building
sector is an important aspect for the total energy consumption of a
building, as it is demonstrated by relevant published data [5-7]. More
particularly, the energy consumption for heating water in Greek
households for 2019, approaches the percentage of 13.3% of the total
building energy consumption, while 56.3% of this consumption is for
heating, 19.2% is for electricity and electrical appliances, and small
percentages of about 6.2% and 4.9% are related to cooking and cooling,
respectively [8]. In addition to the above, water heating can be
demanding on a financial level, while burdening for the environment;
apart from the number of residents/users and the type (use) of the
building, its cost and impact are strongly related to the energy system
(fuel source) that it is used. Thus, the determination of the optimal
solution, given the above parameters and criteria [9,10], can be
important for the user, as well as on a local and global level.
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In this work, mathematical optimization models, describing the
participation rates of energy systems for covering the hot water needs
for sanitary use of a household, are formulated. Mathematical
optimization modeling is usually implemented in different case studies
and its implementation in household energy systems is an innovative
aspect [11]. The concept of multi energy systems is introduced, i.e., a
group of systems that uses different energy sources [12] but can be
used in order to cover the same type of energy demand, forming an
energy hub [13]. In literature the establishment and operation of energy
hubs is a commonly used aspect, and especially when they are
formulated to serve optimization models, whose main objective is the
minimizing of energy costs [14,15]. The proposed energy hub is
presented in Figure 1, anticipating the presence of the following
systems: (a) biomass boiler (wd), (b) oil boiler (bl), (c) electric water
heater (el), (d) solar thermal water heater (sol), and (e) an air to water
heat pump (hp). Such systems can be considered typical for residential
Domestic Hot Water (DHW) in Greece [16-19]. The inputs of the present
energy hub refer to the hourly energy demands of DHW (Qdem, prw),
while by introducing the efficiencies (n) and the participation rates (e)
of each aforementioned energy systems, the energy consumptions
(Qcons, bhw) €merge, which is the output of the energy hub. The case
study refers to a house with a total area of 200 m?. Given that, according
to the Greek version of the EPBD [20], the area of the building is
proportional to the number of residents and to the hot water energy
demands, it is indicated that the demonstrated results are not sensitive
to the assumed building area. In the proposed analysis, the building has
been placed in climatic zones A and D, representing the marginal
climatic conditions for the Greek setting [21].

The investigation of the model optimal solution concerns a financial,
energy, and environmental criterion. The results of the models used are
presented on an hourly basis for the whole operation year of the energy
systems and they are obtained by the solver CPLEX.

Overall, the innovation of this study is that mathematical programming
models are formed to select the optimal energy system taking into
consideration the economic, energy and environmental criteria.
What stands out is the low time step used for the model solutions,
turning the problem into a dynamic like one, so that the comparison
between the examined energy systems and the decision making would
be more detailed.

In the following sections, the methodology of developing the proper
mathematical models is presented. These models deal with the
optimization of the participation rate of each energy system, which is
used in covering the demands of DHW. At first, the selection of the
appropriate energy systems and the definition of their characteristics,
such as their efficiencies or their costs, seems to be critical for the
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investigation. Afterwards, the description of the basic parameters
follows. Such parameters are used in the calculation of the energy loads
and consumption, and the installed power of each energy system.
Finally, the formulation of the optimization models is analyzed; results
and basic conclusions are presented.
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Figure 1 The energy hub of the multi energy system used for DHW
uses.

2. Methods
2.1 Basic parameters
2.1.1 Characteristics of multi energy systems

In this paper, the examined energy systems refer to a biomass boiler,
an oil boiler, an electric water heater, a solar thermal water heater and
an air to water heat pump. The efficiency of the adopted energy systems
is in compliance with the Greek version of the EPBD [20]. The values
have also included potential network heat losses (Table 1). Especially for
the solar thermal system, the respective efficiency is focused on the
aspect of thermal losses, as the actual one is calculated on the basis of
the Capacity Factor (CF), as it is indicated in Section 2.1.2. For all
considered energy systems, the efficiency could be considered as
constant; the only exception refers to the heat pump. This occurs due to
the dependence of the heat pump efficiency on the air temperature.
Thus, it is important to calculate this parameter on an hourly basis
according to the relevant climatic data [21]; the following Equation (1) is
used [22].

COP = 0.001- AT? — 0.1534 - AT + 7.3775 (1)

where:
e COP [-]: the heat pump coefficient of performance calculated per
hour.
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e AT [°C]: the temperature difference between the air temperature
and the output temperature of the working mean (water),
considered at 50 °C [21].

An important aspect that should be mentioned refers to the cost,
whether this indicates installation or operational (energy and
environmental) one, noting that the environmental factor considers the
amount of released CO,, which is the dominant greenhouse gas. The
unit cost values are based on market research for typical energy
systems and on current prices of providers or suppliers. The values that
are used for this investigation are presented in Table 1. In some cases,
two values are provided, as in the case of oil and electrical energy; this
price diversification was preferred in order to explore the impact of
possible economic measures aimed at saving energy in the final
solution (e.g., social or night tariff).

Table 1 Efficiency, life duration and cost for each energy system [11,16,17].

Energy Systems | Efficiency | Energy Costs | Installation | Environmental | Life Duration
(%) (€/kWh) Costs Costs (years)
(€/kwW) (€/kwWh)

Oil boiler 80 0.025/0.1 100 0.04 20
Biomass boiler 90 0.04 250 0 15
Electric heater 95 0.05/0.15 100 0.065 15

Heat pump varying 0.05/0.15 250 0.065 15
Solar thermal 95 0 450 (€/m?) 0 15
heater (CF=0.4)

2.1.2 Energy parameters

Initially, the calculation of the DHW energy demand on monthly basis is
implemented (Equation (2)). Results are presented in Figure 2 for both
the examined climatic zones, indicating that, for the needs of the

analysis, these values are properly converted to hourly ones.

pc

Qpaw = Vw - Nday,i m (TDHW,i - Tw,i)

where:

(2)

Qonw [kWh]: monthly required energy load to cover the needs of

DHW.

Vw [I/day]: daily volumetric water supply.

Naay, [days]: number of days of each month.

p [kg/m?3]: density of water (=1 kg/m?).

Cp [kI/kg K]: water heat capacity (=4.18 kJ/kg K).

Touw,i [°Cl: required temperature of DHW (=45 °C).

Tw,i [°C]: mains water average monthly temperature [21].
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Monthly Energy Demand
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Figure 2 The monthly energy requirement for climatic zones A and D.

From the graph presented in Figure 2, it is obvious that the energy
demand in climatic zone D is higher than the ones in A for every month,
due to the worst climatic conditions prevailing in the territory of climatic
zone D, affecting mains water temperature also. Furthermore, for both
climatic zones, the demand towards the summer months is
considerably lower than the one towards the winter ones, because of
the differences in the temperature of mains water.

Afterwards, depending on the efficiency of each energy system, the
energy consumption could be calculated in an hourly basis, according
to Equation (3) [20]. Based on these values and the costs presented in
Table 1, both energy and environmental costs are calculated.

Qdem

Qcons = nor COP (3)

where:

e Qdem [KWh]: required energy load (demand).
e nor COP [-]: efficiency of each energy system.
¢ Qcons [KWh]: consumed energy.

As far as the calculation of the installed power of each energy system is
concerned, this could be done by using the daily energy demands and
considering that the covering of these demands could be achieved in a
five-hour operation, as defined in the respective technical guide for the
Greek version of EPBD [20]. Especially regarding the case of the solar
system, the dimensioning refers to the calculation of the respective
collector surface. This calculation is made according to Equation (4), where
the solar CF and the monthly available solar radiation are necessary.
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Qdemsol
A _ EsolHW _ Ngol (4)
1= =
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where:

e Esonw [kWh]: useful energy, provided by the solar collector on
monthly basis.

e CFsol [-]: capacity factor for the solar energy, i.e., the efficiency of the
solar collecting surface, calculated on a monthly basis (=0.4) [20].

e ns [-]: efficiency of heat transfer (=0.95).

e Aso [M?]: solar thermal collector area.

e Hso [kWh/m?]: monthly available solar radiation on collectors’
surface [21].

2.2 Formulation of the baseline optimization model

The target of the developed model is to select which system is
appropriate to be used and to what participation rate in order to
minimize the total cost. This could be achieved by the identification of
the energy costs for each energy system, considering the hourly energy
consumption, and the input of the participation rate for each energy
system. In addition to that, the hourly installation costs for each energy
system are added in the model concluding their life duration. This
category of costs is a constant value for each energy system, which is
taken into account only in cases where the operation of an energy
system is beneficial for the model to minimize the total cost. For this
reason, Equation (5), which is the objective function of the proposed
problem, includes binary variables that are connected to the installation
costs. Moreover, as far as the solar thermal system is concerned, its
optimal participation is determined by the installation cost, because of
its zero operational cost due to the abundant energy source this
system uses.

Qgem * eNCosty Qaem * eNCOStyq Qgem * NCOSty
E =—" ¢y + ey +t—————————————
encost bl wd
Npy Nya ] Mgy
Qaem - encostpy Agop * inctsy
et epy t————————
nhp Vsol (5)
Pbl ' inCtbl a4+ PWd ' inthd b+ Pel . inctel .

) Yot Ywa Vel
PHP * lTlCthp

" €501

yhp

As mentioned above, Equation (5) is the objective function of the
mathematical model and includes decision variables, that are used for
its optimization, focusing on (or aiming to) minimizing the costs. These
variables are the following:

* ey, ewd, €el, enp, Esol: the percentage decision variables that express
the participation rate of each energy system.
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e 3, b, ¢, d: the binary decision variables of each energy system that
define the installation costs.

Of course, it is necessary to formulate constraints for the above
variables. Their formula and interpretation are described below.

i. Non-negativity constraints of the participation rates.
0<e;<1,0<e,;<1,0<e;<1,0<e,<10<e,<1 (6)
ii. Constraint for full covering the demands.
ep S a,eq < b ey < cep, < d (7)
iii. Constraints for the participation of the installation costs.

epr T ewa t e tep teg =1 (8)

2.3 Specific scenarios of optimization modelling
2.3.1 Energy model minimizing cost

The basic scenario of the present model refers to the complete case, as
described through Equations (5) - (8) in Section 2.2, implemented for
both climatic zones, A and D. Following, the energy hub excluding the
biomass boiler has also been investigated, as the biomass solution is
not so widely used for DHW in Greece.

2.3.2 Environmental model minimizing cost

The environmental optimization model is formulated as an energy
balance equation, excluding the installation cost, while including the
environmental one; thus, the binary variables are deleted. The
investigated scenarios are the same with the ones of the energy
optimization model. Equation (9) describes the objective function of the
environmental model.

Qgem - €NVCOStY,; Qgem * €nvcost,,4

Eenvcost - bl ewd
Npi Nwa
Qgem * €nVCOSt,y Qdem - envcostyy,
+ e + “enp (9)
Ney nhp
Agop " inctgy .
+ €sol
YVsol

2.3.3 Multi criteria model

This model type concerns an integer linear programming model with
an objective function that combines the objective functions of the
previous energy and environmental models. In fact, the energy and
environmental criteria are included into an optimization model, which
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aims to minimize both the energy and the environmental costs. The
investigation of the multi criteria models concerns three model types,
excluding the biomass boiler, while it is only applied into the climatic
zone D. The first model type considers equal contribution of the two
criteria in its objective function, as displayed in Equation (10). The other
two model types insert weights in the criteria; on the one hand there is
a weight 70% to the energy cost (Eencost) and 30% to the environmental
cost (Eenveost), s it can be seen in Equation (11), and on the other hand,
30% weight to the energy and 70% to the environmental cost is
anticipated (Equation (12)). The assumed weights have been selected in
order to investigate potential differences in the results.

Ecosts = Eencost T Eenvcost (1 0)
Ecosts = 0.7 " Eencost + 0.3 " Eenpcost (1 1)
Ecosts = 0.3 Eencost + 0.7 * Eenpeost (1 2)

2.3.4 Goal programming model

The Goal Programming (GP) model combines the energy and the
environmental criteria, as they were formulated in Sections 3.2.1 and
3.2.2. The investigation introduces two GP models, the classical one
which objective function is the sum of the deviation variables (Equation
(13)), and the weighted one, where the energy criterion has twice the
importance of the environmental criterion (Equation (14)). The two GP
models include all the constraints of the baseline model, as described in
Section 2.2, and other two that introduce the deviation variables, which
actually comprise the objective function (Equation (15) and (16)). Of
course, the non-negativity constraint for the deviation variables is
crucial for the GP model, as described in Equation (17).

minz =ny +p;y +n; +ps (13)

2 2 1 B 1

‘ny + pi + ‘ny + ‘ps (14)

encost encost Eenvcost Eenvcost

minz =

St xy ey +Xxp €t X3 €ppt+xgesoqpthki-atky b+ks-c
+n1__pil- = Eencost

Yiteprt Y2l T Y3 elpptyseso t n; — p; = Eenvcost (16)

ni,pi,nz,p; =0 (17)
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3. Results
3.1 Results of the energy model

Figure 3 displays a histogram for the annual optimal energy cost
consumed by each energy system of the energy hub, fully covering the
DHW demands. These costs were depicted from the hourly solution of
the energy optimization model for both climatic zones. So, it can be seen
that a building located in climatic zone D consumes more energy, when
compared to the case of climatic zone A. This can be explained because
of the unfavorable climatic conditions prevailed in climatic zone D,
leading to the selection of different participation rate from each energy
system. Moreover, Figure 3 shows that the most preferred energy
system for both climatic zones is the biomass boiler, due to its low
energy cost, and followed by the heat pump for climatic zone D and the
solar thermal system for climatic zone A. It is important to mention that
the use of systems that collect solar energy, which is considered as a RES
system, is favored for both climatic zones, presenting higher participation
rate for climatic zone A due to the higher solar energy potential.

Annual Optimal Energy Costs

) 1 I
bl wd e hp sol

Energy Systems

| total

B Climaticzone A E Climatic zone D

Figure 3 Total annual cost for each energy system, for climatic zones A
and D.

In Figure 4, the operational time fraction, on annual basis, of each
energy system is presented. It could be stated that the heat pump is
dominant for both the climatic zones, followed by biomass in climatic
zone D and solar thermal system in climatic zone A. The operational time
of the heat pump remains the same, presenting the greatest fraction,
for both climatic zones, in comparison with the other energy systems
due to the low energy cost; the assumption of the social-night tariff is
applied. Despite the fact that these low energy cost values are the same
for the electric energy system, its energy consumption and, consequently,
its operational costs are higher than those of the heat pump.
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The above can be verified and further analyzed through the monthly
fraction of the operational time. As it can be seen through Figure 5
and Figure 6, for both climatic zones, the biomass boiler is dominant
during the winter months, but solar thermal collectors have higher
participation during summer months; heat pump operation is almost
constant for every month.

Annual Fraction of Operational Time

100%
80%
60% M sol
B hp
40% mel
B wd
20%
H bl
0%
A D

Climatic Zones

Participation rates

Figure 4 Fraction of the operational time, on annual basis, for each
energy system and for both climatic zones.

Monthly Fraction of Operational Time for
Climatic Zone A

100%
90%
80%
70%
60%
H wd
50%
W bl
40%
Hh
30% P
20% M sol
10%
0%
1 2 3 4 5 6 7 8 9 10 11 12

Months

Time rates

Figure 5 The monthly fraction of the operational time for climatic
zone A.
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Monthly Fraction of Operational Time for
Climatic Zone D
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x

Figure 6 The monthly fraction of the operational time for climatic
zone D.

The additional examined energy model is that of excluding the biomass
energy system. Results show that there is an increase in total minimized
costs by 12% annually, due to the low cost of biomass. This occurs
because the participation rate of biomass is primarily shared by the heat
pump and the solar thermal collector.

3.2 Results of the environmental model

The results of this optimization model show that the RES (wd and sol) is
the optional solution for minimizing the environmental cost for the two
climatic zones. Considering the model that excludes biomass, solar
thermal collectors dominate 100%.

3.3 Results of the multi criteria model

The multi criteria model has been applied for climatic zone D, while not
including the biomass boiler presence in the energy hub. The following
results are obtained in Table 2, for the three types of models developed.
According to these results, the participation of the oil and electrical
boiler is not beneficial, so the cost minimization is succeeded only by the
participation of the heat pump and the solar thermal collector.
Regarding the weightless model, it should be mentioned that the total
optimized cost is 40% less than the cost of the basic energy model due
to the environmental consequences of the conventional energy systems,
such as the electrical boiler.
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Table 2 Annual minimized cost for the multi energy models.

Minimized cost (€)

Model type bl el hp sol total
Non weighted 0 0 111.6 219.7 330.7
70%-30% 0 0 110.8 86.5 197.3
30%-70% 0 0 13.8 103.5 117.3

The diagram in Figure 7 presents the fraction of the operational time
for each energy system for multi criteria models. The results of the
weighted models presented both in Table 2 and Figure 7 show that
when the more importance is given to the energy criterion, the total cost
increases, and the participation of RES systems decreases.

Annual Fraction of Operational Time

100%

n  80%

9]

]

[1v]

—

c 60%

o u sol
IS h
% 40% 51% P
B Hel
[

o 20% H bl

0% 7%
Non weighted 70%-30% 30%-70%

Multi Criteria Model Types

Figure 7 The annual distribution of the operational time for each
energy system for the multi criteria models.

3.4 Results of the goal programming model

Figure 8 presents a histogram of the total annual optimized cost
resulting from the solution in an hourly basis of the GP models. Two
model types are examined, the classic GP model that includes the
energy and the environmental criterion equally (without weights) and
the weighted GP model, considering that the energy criterion is twice as
important as the environmental one. Figure 8 displays the optimal costs
distributed to the two examined criteria and the total costs for both GP
models. As in the case of multi criteria, the GP model investigation has
not included biomass energy system, due to it being applied into
climatic zone D only. According to the results, it can be seen that for the
classic GP model the total cost is increased in comparison with the basic
energy and environmental models. The reason for this can be attributed
to the relaxation regarding the success of the targets for each criterion.
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Annual Cost Distribution of GP Models
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Figure 8 Annual minimized cost distribution for the GP models.

In addition to the above, it is crucial to present the rates of operational
time distribution for each energy system used. Figure 9 shows this time
distribution on an annual basis for the classic GP model and the energy
model excluding the biomass boiler. Thus, for the classic GP model, it is
observed that the only energy systems participating are the heat pump
and the solar thermal system, with the last considered as more
beneficial. This emerges a contrast to the results of the energy model
because of the increased participation rate of RES systems in the GP

model.
Annual Fraction of Operational Time

100%
4 80%
£
c 60%
o u sol
§ 40% =hp
b Hel
o 20% mbl

0%
Classic GP Energy
Model Types

Figure 9 The annual fraction of the operational time for each energy
system for the classic GP and the energy (excluding wd, only for
climatic zone D) models.
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As for the weighted GP model, the results are approximately similar to
the classic ones, and in comparison, with the multi criteria 70%-30%
model, it could be seen that the participation of the most financial and
environmental efficient technologies are beneficial (sol and hp).

4. Conclusions

The application of optimization algorithms in the design of multi energy
systems provides, on one hand, the possibility of in-depth analysis of
the parameters of the energy and environmental problem, and, on the
other hand, the possibility of evaluating the results towards the
limitation of conventional energy sources, according to the suggestions
of the calculated rates of participation. The elaboration of a
methodology for decision making on energy systems, in combination
with the use of a rather small-time step, in terms of energy design, that
of one hour, provides a dynamic character to the problem.

According to the present case study for the domestic water heating in a
household, in terms of the energy criterion, the optimal energy system
is the biomass boiler (or the heat pump for models excluding the
biomass), while on an environmental level, the solar thermal system
increases its participation. Furthermore, when the GP models involve
both energy and environmental criteria, due to potential relaxation
from the primary goals, the participation of RES, i.e., solar thermal
system, increases.

Further research may focus on utilizing a larger range of mathematical
programming models and methods, as well as on problem solving with a
shorter time step. The time step decrease may change the design problem
to a controlling problem. Moreover, a Life Cycle Assessment (LCA) analysis
would enrich the environmental model, allowing a more complete and
accurate evaluation of the environmental impact of each energy system.
The investigation could also be extended to different types of energy
systems, as well as of buildings, including all climatic zones; the uses can
also be extended, referring to space heating and cooling.
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