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Abstract: Our present standard of living depends strongly on energy sources, with buildings being
a primary focus when it comes to reducing energy consumption due to their large contribution,
especially in tertiary buildings. The goal of the present study is to evaluate the performance
of two different designs of hybrid systems, composed of natural gas engines and photovoltaic
panels. This will be done through simulations in TRNSYS, considering a representative office
building with various schedules of operation (8, 12, and 24 h), as well as different climates in
Spain. The main contributions of this paper are the evaluations of primary energy-consumption,
emissions, and economic analyses for each scenario. In addition, a sensitivity analysis is carried out
to observe the influence of energy prices, as well as that of the costs of the micro-CHP engines and
PV modules. The results show that the scenario with the conventional system and PV modules is
the most profitable one currently. However, if electricity prices are increased in the future or natural
gas prices are reduced, the scenario with micro-CHP engines and PV modules will become the most
profitable option. Energy service engineers, regulators, and manufacturers are the most interested in
these results.

Keywords: distributed generation; hybrid systems; PV; micro-CHP; microcogeneration; TRNSYS

1. Introduction

Within the scientific community, there is growing agreement that climate change is real and a
threat to humankind. Due to the realization that the energy sources required for maintaining our
present standard of living are limited, the concept of energy efficiency is receiving increased attention.
Many studies have proposed different alternatives to implement technologies that are able to produce
energy more efficiently, while diminishing its environmental impact at the same time. Among these,
we can find different renewable energy technologies such as Photovoltaics (PV), wind or solar thermal
energy, and Combined Heat and Power (CHP) systems. The number of studies that combine the use
of these technologies (hybrid systems) is increasing, but there are many aspects that still need to be
further investigated, such as the integration of CHP with renewable technologies.

1.1. Literature Review

A review of previous literature on hybrid systems has shown that one of the most common links
is the analysis of stand-alone systems in which one of the main the differences between different
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studies is the focus on generation systems that can go from an internal combustion engine, to fuel cells,
photovoltaics, or combinations of the previous factors that lead to hybrid systems [1–15]. Conversely,
other studies only evaluate certain components [6,14,16,17], while others do not develop an exhaustive
analysis of the Life Cycle Costs (LCC), emissions, and/or primary energy-consumption [3,4,6],
which will be analyzed in detail in the present study. Also, for instance, the authors in reference [18]
determine the technical, systematic, and financial requirements needed to allow a city or community
to become independent of the utilization of traditional energy sources, using hybrid energy-systems.

The relationship between environmental and economic aspects regarding hybrid or photovoltaic
systems has also been studied in the literature. A dynamic analysis of a hybrid energy storage
system in this regard is included in reference [19], whereas reference [20] confirms the environmental
and economic advantages of PV sources as an alternative to fossil fuels. However, performing
accurate dynamic analyses of hybrid systems is not a trivial task. For this reason, a simplified
method for an optimal sizing of hybrid systems combined with renewable energy is included
in reference [21], claiming that adequate sizing frequently requires very detailed simulation and
demand/supply analyses.

Buildings are among the sectors with the greatest potential for improvement in their energy
efficiency. Therefore, among the range of different technologies, CHP systems are very important
for producing energy more efficiently in buildings, especially in countries where the implementation
of these energy production technologies is reduced to a few practical experiences. Nevertheless,
the vast majority of previous studies put the focus on residential buildings [5,10,11,13,14,16,22–31]
in which the major difference between them is the location, or in neighborhoods or urban or
rural areas [1,2,4,15,32–36], and only some of them focus on industries: brewers [37], water
disinfection [38,39], or greenhouses [40], for instance. In conclusion, recent studies on 30 buildings
have been found in the literature, of which 23 are residential buildings in urban areas and eight
residential buildings in rural areas; five are industrial buildings and only two cases are focused on
office buildings. Therefore, a lack is identified in the study of this building typology. The methodology
and results of these works related to office buildings are described in detail below.

With respect to tertiary buildings, Fani and Sadreddin [41] analyze educational office buildings
that implement solar-assisted Combined Cooling, Heat, and Power (CCHP) systems, but only in
one climate (Tehran, Iran) and with fixed internal gains. They conclude that due to low electricity
tariffs and the relatively expensive price of new systems, the daily cost of the proposed systems is
always higher than the conventional system is particularly interesting. Yousefi et al. [42] carry out a
multi-objective optimization of component sizing of a hybrid CCHP microgrid to meet the electric
needs and the heating and cooling loads of an office building in Tehran. A critical review [43] states
that it is very important to analyze how hybrid energy-systems can be used to decrease the energy
consumption, but also to improve the economic and environmental operation in office buildings, as the
authors intend to do in the present work.

1.2. Aim of the Study

In this paper, we innovatively analyze diverse configurations of hybrid systems, including
PV panels, or PV combined with natural gas internal combustion engines in an office building in
Spain. In order to analyze the solutions from different perspectives, we have compared the primary
energy-consumption, final energy consumption, LCC, and CO2 emissions of each configuration with
that of a conventional case. Moreover, the best solution in terms of each of the previous indicators
has been identified as a function of the climate by carrying out the simulations in five representative
climates in Spain, which are also representative climates of the Mediterranean region of Europe [44].
Another novelty is the evaluation of the best solution depending on the hours of operation of the
building (8, 12, and 24 h a day) and the non-constant internal loads assumption. Finally, another
major contribution of this paper is the inclusion of a sensitivity analysis regarding the energy prices,
to evaluate their importance to increase the economic feasibility of hybrid systems. Given that
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the authors of this article have published a complementary study for residential buildings [45],
the differences and similarities of the optimal solutions have also been compared in these two
building typologies.

This paper is structured as follows. In Section 2, the methodology of the study will be explained,
including information about the case studies and the implementation of the alternatives that will be
evaluated. Then, Section 3 will analyze in detail the results of the simulations, as well as include a
sensitivity analysis regarding the electricity and natural gas prices, as well as those of the Micro-CHP
engines and photovoltaic system. Finally, we conclude with a brief summary in Section 4.

2. Method: Characteristics of the Study

In this section, the installation and case study of the present work will be described, together
with the different configurations of hybrid systems that will be evaluated, equipment sizing,
calculations needed, as well as the model created in the TRNSYS software version 17 (University of
Wisconsin-Madison, Madison, WI, USA).

2.1. Description of the Installation

The present study revolves around the design of an innovative energy production system
(electricity, heating, and cooling) for an office building. As noted in the introduction, very few
research studies have been carried out on hybrid systems that link solar photovoltaic panels with a
µ-CHP system in tertiary buildings. Our novel proposal is to use a µ-CHP hybrid system that combines
photovoltaic internal combustion engines and natural gas engines to supply most of the energy for
the building of the case study during a whole year. This proposal differs from that of other studies.
For instance, the proposal is not stand-alone such as those in references [3,6–12].

In addition, some aspects that many studies fail to bear in mind are considered, such as the use of
a software that allows one to make adjustments in the system in an easy way. The LCC of the different
proposed schemes have also been calculated in the same way as reference [9]. Thus, it is possible
to compare the results of the innovative designs with those of the conventional base-case scenario,
in which electricity is obtained from the grid and natural gas is used in the heating boilers. Last of all,
calculations of the emissions for each configuration have been performed, in concordance with papers
on emissions savings such as those in references [13,14].

2.2. Chosen Alternatives

Different configurations of hybrid systems have been considered in this study with the purpose
of analysing their impact on the potential energy and cost savings that may be achieved when
supplying all the necessary energy for the building. The proposed schemes have been modelled
using the software TRNSYS 17, which allows one to make straightforward alterations of any device
included in the system, facilitating the task of changing parameters, connections, and configurations.
Most parameters necessary for the simulations would not affect the assessments in a perceptible way.
However, others are paramount from an energetic and/or economical point of view. The alternatives
that have been considered are as follows:

- Conventional case: the installation is simulated assuming that all the required electricity
(electricity needs of the building, pumps, and chillers) will be obtained from the grid. On the
other hand, heating will be provided by boilers running on natural gas.

- Photovoltaic panels alternative: same as the previous scenario but also including a set of 380 PV
panels located on the rooftop of the building, which will produce part of the required electricity.

- Micro-CHP engines + photovoltaic panels alternative (hybrid system): same as the previous
scenario but also including micro-CHP natural gas engines for electricity production. In this
case, the residual thermal energy of the engines is used to reduce the natural-gas consumption of
the boiler.
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2.3. Case-Study Building and Climate

The building subject of the current application is a six-storey office building, chosen as much
representative as possible of the current Spanish built environment. The facade with the largest surface
is oriented to the south, and the building has a total conditioned area of 6629 m2. The average density
of the internal gains of the building is 7.5 W/m2, both for lighting and equipment. The same building
will be studied under three different operating schedules: 8, 12, and 24 h. In this way, the influence of
this variable on the results obtained will be analyzed, allowing one to obtain important conclusions for
office buildings depending on the operating schedules.

In addition, the simulations will be carried out in five different locations of Spain: the climatic
zones A3, B4, C2, D3, and E1 (Cádiz, Seville, Barcelona, Madrid, and Burgos, respectively). These
locations are representative of the main Spanish climates [44].

2.4. Building Energy Needs

Both the heating and cooling energy needs of the building depend on the climate where it is
placed. Therefore, in order to obtain the results of the energy needs, simulations of the building for five
different climatic zones have been carried out using the LIDER version 2009 (Government of Spain,
Madrid, Spain) thermal simulation tool [46]. Consequently, the hourly space cooling and heating
needs were obtained for each of those cases. The electricity needs have been obtained through the
density of internal sources of lighting and equipment. The summary of the annual electricity, cooling,
and heating-energy needs of the building with a 24 h operating schedule for each climatic zone is
shown in Table 1.

Table 1. Annual electricity, heating, and cooling needs of the building for each climate.

Climate Zone Electricity Needs [kWh/m2] Heating Needs [kWh/m2] Cooling Needs [kWh/m2]

A3 131.4 21.68 89.19
B4 131.4 32.06 97
C2 131.4 57.62 52.18
D3 131.4 87.93 68.68
E1 131.4 121.68 29.39

2.5. Operating Protocol

The novel proposal of hybrid systems in the present study aims to shed some light onto which
configurations are more convenient depending on the climatic characteristics and the schedule
of operation of the building. The characteristics of the complete system proposed for this study
(Micro-CHP engines + photovoltaic panels) are as follows:

• The electricity will be produced by two Internal Combustion Engines of 100 kWe each, which run
on Natural Gas and work in parallel. The number of engines activated depends on the
total electricity demand for that time-step. The first engine will always work as much as
possible, and the second engine will be used as backup. The reason for this is to optimise
the hours of operation of the engines; (this is further discussed in the previous study of the
authors [45]). To prevent the engines from running at their minimum power (therefore, with a
low energy performance), the electricity in these situations will be obtained from the electric grid.
Subsequently, the buildings will not be isolated.

• In the process of generating electricity, the engines also produce heat, which will be used to
decrease the energy required by the heating boiler in charge of covering the heating demand of
the building.

• The cooling system will be electric and will consist of heat-pump air-cooled water-chillers.
• In this paper, the option of selling the excess of electricity production of the PV to the grid will

not be considered, because the majority of the energy will be consumed within the building
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simultaneously (buildings operate during the day). Batteries arrays to store electricity are also
outside of the scope of this study.

2.6. Equipment Sizing

Many aspects have been considered to carry out the sizing of the different elements in the
proposed schemes. In the case of the air-cooled chillers, the peak loads of the building cooling demand
were considered as well as the variations in the performance due to partial load factors and the
surrounding temperature. For the auxiliary heating boilers, the design covered at least 90% of the
heating hours, which vary depending on the climatic zone.

On the other hand, the sizing of the PV field considered the minimum and maximum voltage of
the panels due to outdoor temperature differences, with the goal of enhancing the quantity of panels.
In addition, the tilt angle of the PV panels was also selected equal to the location latitude minus 10◦,
in order to maximise the annual electricity production of the PV field. The PV modules have a southern
orientation. Last of all, due to the intricacies when dimensioning the size of the water tanks, five
different volumes were considered, to assess their influence on the performance of the installation.

2.7. Calculations Needed

Many outcomes can be obtained from the simulations. For the purposes of the present study,
the most important are the following:

- Annual PV production.
- Annual heating consumption.
- Annual energy consumption of the engines.
- Annual electricity consumption (pumps, cooling, and building electricity demand).

Once this information is known, it is possible to carry out all the calculations in order to obtain
the fuel consumption of each component. Moreover, the total primary energy-consumption, total
operation costs, and total CO2 emissions can be calculated.

The emissions and primary energy factors (obtained from [47]) and the energy costs that have
been taken into account are as follows:

- Grid-electricity primary-energy factor [kWh/kWh]: 2.4
- Natural gas primary-energy factor [kWh/kWh]: 1.19
- Grid electricity emission factor: 0.357 kgCO2/kWh
- Natural-gas emission factor: 0.25 kgCO2/kWh
- Electricity price: 0.209 €/kWh
- Natural gas price: 0.068 €/kWh

Another one of the objectives of this study has been to assess the LCC for each case. A time
span of 30 years has been considered. The costs considered include the capital investment, operation,
replacement, and maintenance costs. The following equation was used in order to obtain the LCC:

LCC = Initialinvestment + Costsreplacement +
(
Costsoperation + Costsmaintenance

)
·

30

∑
t=1

1

(1 + r)t (1)

in which “r” is the inflation rate (3%) and “t” is the year.

2.8. TRNSYS Implementation

In this section, the way in which the system was implemented in TRNSYS [48] in order to carry
out the simulations is going to be explained. TRNSYS is a simulation program frequently used by
many studies to simulate transient systems. It is also used to confirm new energy-concepts, including
control strategies. The main reason why TRNSYS is frequently used in the literature is that it allows
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one to adjust all parameters in a very flexible way and to develop models that reflect reality in an
accurate way. In comparison with other methodologies, TRNSYS is capable of capturing the dynamics
of thermal energy-systems more precisely.

2.8.1. Electric Subsystem

The electric part of the system, which consists of several elements, was modelled in TRNSYS
as follows:

- Photovoltaic panels: The technical sheets of the manufacturer were used to adapt type 94. The PV
panels are associated with the type that comprises the climatic data (Type 9).

- Inverter: As for the PV panels, the manufacturer’s technical data are used to adapt Type 175 to
the needs of the proposed system.

- Air-cooled chillers: to consider the performance variations due to partial load and outdoor air
temperature fluctuations, a combination of TRNSYS types 42 and 43 was used. The cooling
demand is indicated through a Data Reader (Type 9).

- Balance tool: A calculator, capable of obtaining for each time-step the balance between the required
electricity for the building, the energy consumption of the pumps, the electricity required by
the air-cooled water chiller, and the electricity produced by the PV field, was included. After
performing the energy balance, a signal is sent to the natural-gas engines to indicate to them the
quantity of energy they need to produce, as well as how many engines need to be operational.

- Micro-CHP engines: Due to its frequent implementation and consistency, Type 120 was used.
Originally aimed to simulate a diesel engine, nowadays this type allows one to switch the type
of fuel to natural gas. Once Type 120 knows at each timestep how much electricity has to be
produced, it provides the output data of fuel consumption, electric efficiency, fuel efficiency,
and the produced residual-heat. This waste heat will be used to decrease the fuel needs of the
space-heating boiler.

2.8.2. Heating Subsystem

In this section, the thermal part of the installation responsible for satisfying the heating needs is
shown. It is composed of the following elements:

- Hot water storage tank: considering no auxiliary heating elements, Type 4 has been used. Water
stratification is taken into account by dividing the height of the tank into six nodes.

- Auxiliary space-heating boiler: Type 6, which corresponds to a boiler of a specified maximum
capacity, was used with an output temperature of 50 ◦C and a capacity that depends on the
climate. The boiler efficiency was set to 92%.

- Waste heat recovery from the CHP engines: after consulting data in the manufacturer’s datasheet,
the present study makes the assumption that 60% of the residual heat of the engines is recoverable.
An innovative element that acts as a heat exchanger has been designed in order to assess which
part of the residual heat is going to be supplied to the heating storage tank.

- Controller and pumps: Type 114 was chosen for the pumps. Pumps 1 and 2 (see Figure 1) will only
be activated during winter months, when the building demands heating. The water temperature
difference in the radiators is calculated using a calculator and as a function on the energy needs
of each time-step. The controller, which uses Type 2, decides when pump 1 has to operate to
recover the residual heat of the engines (when the temperature of the accumulation tank is less
than 50 ◦C).

- Other elements: a data reader (Type 9) is needed to provide the heating demand data of the
building. In addition, several elements are required for assessing the consumption of the pumps,
the heating consumption, and the heating energy balances.
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2.8.3. Tank Volume Optimization

After the proposed systems were modelled in TRNSYS, five alternatives were considered for the
heating tank volume, with the purpose of evaluating its influence on the results of the proposed designs
(1, 2, 3, 4, and 5 m3). An optimization of the tank volume was therefore pursued to minimise the total
primary-energy consumption, CO2 emissions, and LCC for each of the analyzed configurations and
each climatic zone.

2.8.4. TRNSYS System Diagram

In Figure 1, the diagram of the system modelled in TRNSYS for the configuration that uses both
PV modules and CHP engines is shown.
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3. Analysis of Results

3.1. Calculations

A total of 225 simulations were carried out: three different configurations (conventional case,
conventional and PV modules, PV modules, and CHP engines), five tank volumes (1, 2, 3, 4, and 5 m3),
three different building hours of operation (8, 12, and 24 h), and five climatic zones (A3, B4, C2, D3,
and E1). Once all the simulations were performed, the annual aggregated consumptions of the main
elements of the system were obtained for each case.

First, it should be mentioned that once we had analysed the results, we could detect that the
planned PV system only produced excess of electricity a few hours per year. Therefore, as mentioned
before, the sale of electricity is not interesting, given these results and all the intricacies regarding the
current regulatory situation of PV in Spain.

In addition, the simulations were carried out for the different proposed heating-tank sizes. There
were differences in the results of each case; nevertheless, they were very minor in comparison with the
total energy-consumption of the system. However, the results revealed that 5 m3 for the heating tank
was the most favourable solution. Therefore, Tables 2–4 summarise the results when using the 5 m3

water tank:
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Table 2. Annual results for the building with the 24 h operating schedule.

Climate Conventional PV µ-CHP Engines + PV

Primary energy-consumption
(kWh/m2)

A3 342.12 277.76 368.37
B4 380.76 317.78 413.22
C2 375.80 319.73 398.27
D3 426.10 370.43 472.46
E1 443.89 392.05 484.86

CO2 Emissions (kg/m2)

A3 51.35 41.77 76.77
B4 58.02 48.65 86.10
C2 59.10 50.76 83.14
D3 69.13 60.84 98.84
E1 73.76 66.04 101.41

LCC (€/m2)

A3 585.27 521.13 613.66
B4 643.25 581.48 665.61
C2 614.90 564.91 644.59
D3 677.28 627.97 727.47
E1 686.54 643.88 739.68

Table 3. Annual results for the building with the 12 h operating schedule.

Climate Conventional PV µ-CHP Engines + PV

Primary energy-consumption
(kWh/m2)

A3 199.12 134.76 173.97
B4 222.60 159.63 203.77
C2 213.09 157.02 188.52
D3 239.66 183.99 220.67
E1 248.50 196.84 226.79

CO2 Emissions (kg/m2)

A3 29.79 20.22 34.81
B4 33.62 24.25 40.95
C2 33.24 24.90 37.82
D3 38.41 30.13 44.62
E1 40.97 33.29 45.89

LCC (€/m2)

A3 343.89 279.75 406.59
B4 381.66 319.89 442.05
C2 352.97 302.98 421.70
D3 387.54 338.23 458.10
E1 388.71 346.24 463.16

Table 4. Annual results for the building with the 8 h operating schedule.

Climate Conventional PV µ-CHP Engines + PV

Primary energy-consumption
(kWh/m2)

A3 156.22 91.86 114.33
B4 172.21 109.24 136.22
C2 169.62 113.56 131.46
D3 189.62 133.95 155.25
E1 198.17 146.51 163.62

CO2 Emissions (kg/m2)

A3 23.38 13.81 21.83
B4 26.05 16.68 26.50
C2 26.54 18.20 25.36
D3 30.48 22.19 30.41
E1 32.72 25.04 32.14

LCC (€/m2)

A3 270.96 206.81 344.14
B4 296.40 234.63 368.88
C2 281.10 231.11 362.27
D3 306.86 257.55 389.28
E1 310.11 267.65 396.93
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3.2. Comparison between Design Alternatives

Two sets of graphs that allow the evaluation between the different climates and designs are shown
in Figure 2. They represent in the y-axis the LCC, CO2 emissions, and primary energy-consumption.
These results are analysed in the Sections 3.2.1–3.2.4 in more detail.
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Figure 2. Emissions [kgCO2/m2] vs primary energy-consumption [kWh/m2] (left) and LCC [€/m2]
vs primary energy-consumption [kWh/m2] (right) for each climatic zone during a whole year.

3.2.1. Primary Energy-Savings

The first conclusion that the results show is that the primary energy-consumption of the
conventional design is never the lowest among those considered. This is due to the fact that the
conventional + PV case has the same gas natural consumption and a lower electricity consumption
that the conventional case in all the climatic zones. On the other hand, the case with µ-CHP + PV has
the highest energy consumption, since it has very high natural-gas consumption for the engines that
do not compensate the reduction in the electric consumption. Therefore, the conventional case + PV is
the one with the lowest primary energy-consumption, while µ-CHP + PV is the one with the highest
consumption for all the climatic zones under study, when the building operates 24 h a day. When the
building operates for fewer hours per day (8 or 12 h), the natural-gas consumption of the engines is
greatly reduced, thus reducing the energy consumption in the µ-CHP + PV strategy. This causes the
conventional case to be the one with greater consumption, whereas conventional + PV is still the one
with smaller consumption for all of the climatic zones.
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3.2.2. Life-Cycle Costs

The investment costs are lower in the conventional case than in the other two cases, due to the
fact that there is no need to make any investments. On the other hand, the strategy with µ-CHP + PV
has a higher initial investment, due to the two natural gas engines.

The conventional case is also the strategy with lowest replacement costs, because the only system
that should be replaced is the chiller, while for the other strategies the PV panels and the inverter
should be also replaced. Also, maintenance costs are considered 3% of the initial investment; therefore,
these are lower in the conventional strategy and higher in the µ-CHP + PV case.

Finally, the cost of operation depends on the energy consumption in each case and climate zone,
and on the electricity and natural gas prices. Due to the fact that the electricity price is three times
higher than that of natural gas, the cases that consume more electricity are the ones with higher
operating costs. Thus, the conventional case is the one with the highest operating costs, while µ-CHP +
PV has the lowest costs.

The LCC is higher in the µ-CHP + PV case, being followed by conventional and conventional +
PV. This is valid for all the climates and all the operational conditions of the building. The reason for
this is that µ-CHP + PV is the case with the highest investment, maintenance, and replacement costs
(followed by with conventional + PV), which cannot be compensated even though the operation costs
are lower.

Finally, the LCC is higher for each of the different strategies in those climatic zones in which
the operating costs are higher (zones with higher energy consumption), that is, climatic zones E1,
D3, and B4. This is because the only costs that vary between climates are the operation costs and the
replacement costs, and the latter have a lower influence on the calculation of the LCC.

These outcomes allow one to draw the following conclusion, which goes hand in hand with that
of many other studies: the technology of µ-CHP engines is not yet economically feasible in certain
disciplines, even though they are being implemented within buildings. Nevertheless, large-scale
production could help reduce investment costs, which could dramatically modify the outlook.

3.2.3. Emissions

CO2 emissions are due to the energy consumption of both electricity and natural gas. Therefore,
the emissions will be greater for those strategies and climatic zones with higher energy-consumptions.
As in the previous case, the conventional + PV strategy has the lowest CO2 emissions, while µ-CHP
+ PV is the case with higher emissions when the building operates 24 h a day. This is true for all
the climates. On the other hand, for the building with an operation of 8 h per day or 12 h per day,
conventional + PV continues to be the case with lowest emissions, while the conventional strategy is
the one with the highest CO2 emissions.

3.2.4. Optimum Design for Each Climatic Zone

For each of the case studies that are analyzed, different criteria are evaluated in each climatic zone
(primary energy-consumption, CO2 emissions, and LCC). In this way, it is possible to see which one is
the most profitable option, which one has the lowest energy consumption, or which one has the lowest
emissions in every climatic zone. Tables 5 and 6 show the order of preference for each case study,
in which 1 is the best solution and 3 the worst. As it can be seen, considering the current energy prices,
the most profitable alternative for any of the three parameters (LCC, primary energy-consumption,
or emissions) is the same for all the climatic zones. In the case of the building with a 24 h operating
schedule, the optimal choice would be the conventional case with PV modules, the second choice
would be the conventional case, and the third would be the case with µ-CHP engines combined with
PV. For buildings that operate less time, 8 or 12 h a day, the conventional case would be the second
choice regarding LCC but the third regarding primary energy-consumption and emissions. This is due
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to the fact that the natural-gas consumption of the µ-CHP engines is lower than the consumption of
the conventional case, but the initial costs are much higher.

Table 5. Preference of each design for each climate depending on the chosen criteria, valid for 24 h of
operation of the building a day. 1 is the best solution and 3 the worst.

Design CRITERIA A3 B4 C2 D3 E1

Conventional case
LCC 2 2 2 2 2

PRIMARY ENERGY 2 2 2 2 2
EMISSIONS 2 2 2 2 2

Conventional + PV
LCC 1 1 1 1 1

PRIMARY ENERGY 1 1 1 1 1
EMISSIONS 1 1 1 1 1

µ-CHP engines + PV
LCC 3 3 3 3 3

PRIMARY ENERGY 3 3 3 3 3
EMISSIONS 3 3 3 3 3

Table 6. Preference of each design for each climate depending on the chosen criteria, valid for both 8
and 12 h of operation of the building a day. 1 is the best solution and 3 the worst.

Design CRITERIA A3 B4 C2 D3 E1

Conventional case
LCC 2 2 2 2 2

PRIMARY ENERGY 3 3 3 3 3
EMISSIONS 3 3 3 3 3

Conventional + PV
LCC 1 1 1 1 1

PRIMARY ENERGY 1 1 1 1 1
EMISSIONS 1 1 1 1 1

µ-CHP engines + PV
LCC 3 3 3 3 3

PRIMARY ENERGY 2 2 2 2 2
EMISSIONS 2 2 2 2 2

3.3. Sensitivity Analysis

A sensitivity analysis was considered appropriate to determine what the results would be if the
energy prices and the costs of the CHP-engines, inverter, and PV modules were different, which is
likely to occur in the near future. Several scenarios have been considered (Figure 3).

Decreasing the electricity price or increasing the natural gas price does not modify the optimal
cases shown in Table 6; thus, the conventional + PV strategy continues to be the case with the lowest
costs, while µ-CHP + PV is the case with the highest costs. On the other hand, increasing the electricity
price or decreasing the price of natural gas does cause changes, which are expressed in Figure 3
considering a 24-h building operation schedule. This figure only shows the results in terms of the
LCC, since the optimal options according to energy consumption and CO2 emissions do not vary with
respect to the tables in the previous section. If the prices of the µ-CHP engines were reduced 60%,
the scenario with µ-CHP engines and PV modules would be the most profitable one in the climatic
zones B4 and C2. On the other hand, if the costs of the inverter and the PV modules were reduced by
60%, the only change that would be observed compared to the previous scenario would be that the
system with µ-CHP engines and PV modules would become the second-best option in the climatic
zone B4, while conventional + PV would still be the most profitable option in all the climatic zones.
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4. Conclusions

In the present work, a representative tertiary office building in Spain has been used as a case
study with the purpose of evaluating two designs of hybrid systems through very detailed simulations.
These systems integrate renewable resources together with CHP engines, supplying the necessary
electricity, heating, and cooling for the building. Calculations have been performed in order to compare
the primary energy-consumption, emissions, and LCC for the considered designs and climates. A set
of tables showing the preference for each case study depending on these criteria and the hours of
operation of the building has been presented to define the optimal solutions.

Comparing the different designs that have been studied, the conventional + PV is the ideal
installation in terms of energy consumption, CO2 emissions, and LCC for each of the different
building’s hours of operation considered. From the sensitivity analysis, it is concluded that the
prices of energy (electricity and natural gas) have a greater influence on the LCC than the prices of
the equipment (µ-CHP engines, PV panels, and inverters). The price of electricity would have to rise
by 20% so that the µ-CHP + PV strategy would be optimal in terms of LCC in some climatic zones
(B4 and C2), and until it rises to 40% it would not be optimal in all climates. In addition, either the
price of natural gas would have to go down by 20% so that µ-CHP was the optimal strategy in terms
of LCC in the climate zone B4, or by 40% to be optimal in all climates. However, these scenarios might
be unrealistic in the medium term.

In addition, in terms of primary energy-consumption and emissions the optimal case is always the
conventional + PV strategy, which leads us to the conclusion that this is the most promising strategy in
the immediate future for office buildings. This contrasts with the results obtained for the residential
buildings in [45], in which the conventional case was the optimal one in terms of LCC in all climates,
and the µ-CHP + PV + solar thermal was the optimal one in terms of primary energy-consumption
and emissions in all climatic zones.

The results show that more work is needed. Governments need to address the removal of
administrative barriers, and manufacturers should also intervene due to the high costs of the engines,
for example, which could be lowered through technological innovations allowed by economies of
scale. The importance of climate has also been highlighted when choosing the optimal designs. Studies
such as the one proposed in the present work are necessary in order to achieve more energy-efficient
installations, especially in tertiary buildings due to their high energy consumptions.
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