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ABSTRACT

The aim of this paper is to assess the performance of several designs of hybrid systems composed of
solar thermal collectors, photovoltaic panels and natural gas Internal Combustion Engines. The software
TRNSYS 17 has been used to perform all the calculations and data processing, as well as an optimisation
of the tank volumes through an add-in coupled with the GENOPT® software. The study is carried out by
analysing the behaviour of the designed systems and the conventional case in five different locations of
Spain with diverse climatic characteristics, evaluating the same building in all cases. Regulators,
manufacturers and energy service engineers are the most interested in these results.

Two major contributions in this paper are the calculations of primary energy consumption and emissions
and the inclusion of a Life Cycle Cost analysis. A table which shows the order of preference regarding
those criteria for each considered case study is also included. This was fulfilled in the interest of
comparing between the different configurations and climatic zones so as to obtain conclusions on each
of them. The study also illustrates a sensibility analysis regarding energy prices. Finally, the exhaustive
literature review, the novel electricity consumption profile of the building and the illustration of the
influence of the cogeneration engine working hours are also valuable outputs of this paper, developed
in order to address the knowledge gap and the ongoing challenges in the field of distributed generation.

1. Introduction

1.1. Background and main achievements

In the recent years, the concept of energy efficiency has been receiving widespread attention due to the
realization that fossil fuel resources required for energy generation are finite and that climate change is
linked to carbon emissions. This has encouraged a tremendous amount of studies with different
approaches related to the implementation of technologies capable of both producing energy in a more
efficient way and diminishing its environmental impact.
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These studies include the use of technologies such as Combined Heat and Power (CHP) production, also
known as cogeneration systems, which are able to produce electricity and thermal energy from the
same source. They are considered to be crucial to achieve such goals by many international organisms
due to their many benefits. For instance, the power production process is more efficient, polluting
emissions are diminished, there are fewer losses in the distribution network and the reliability and
quality of the supplied energy is increased.

However, an appropriate normative context is essential so as to provide economic feasibility to the
projects, thus minimising the risks present within the energy market. Its benefits are recognised by
governments all over the world and in the case of Europe supported by the European Parliament
through different directives. Despite that and the suitability of a country such as Spain regarding
renewable energy implementation, its legislative uncertainty is nowadays quite high due to the
government’s willingness to enforce a Decree which imposes taxes to installations destined for self-
consumption. This seems to be inconsistent with all the efforts aimed at improving energy efficiency and
also dissuades from using new technologies, the most recent ones derived from advances related to
electricity storage solutions.

Apart from that, buildings are pointed out as a sector with a considerable potential for more efficient
energy production systems. The need to produce energy more efficiently in buildings is one of the
reasons for the importance of CHP systems among the great range of different technologies, especially
in countries such as Spain where its presence these days is merely anecdotic (just a few practical
experiences in hospitals, hotels and dwellings).

The knowledge gap between what works and the widespread adoption of practical implementations is a
major preoccupation of researchers and policy makers. There seems to be no immutable formula for a
successful implementation of new innovations. Thus, developing strong and reliable evidence on the
overall behavior of such innovations is a compulsory task which this paper aims to fulfill as a valuable
addition to current approaches.

This paper offers an innovative approach when it comes to providing energy to buildings. It focuses on
both the electrical and thermal elements unlike most studies in which the thermal part plays a
secondary role, with little regard to its effects on the performance of the system. Many studies have
been developed on PV, solar thermal and wind technologies, but relatively few on their integration with
cogeneration systems: hybrid systems, where all these technologies are combined with the idea of
improving energy efficiency. In this paper, we analyze different configurations of such an installation
including natural gas Internal Combustion Engines, PV, and solar thermal energy, unlike previous studies
which only refer to stand-alone systems ([6, 10-15, 17]), or do not include nor compare all our
considered components ([1-38]).

In addition, in contrast to previous publications this study develops an exhaustive analysis of the Life
Cycle Costs, emissions and primary energy consumption, and should be regarded as a step towards the
goals included within the new concept of “Smart Energy Networks”, which aims to integrate all energy
sources in order to increase energy efficiency. An added strength of the study is the use of a novel
electricity consumption profile of the building, which has been innovatively obtained by combining
several institutional projects on energy consumption habits.

Finally, another significant contribution of this paper is the illustration of the influence of the
cogeneration engine working hours and its importance so as to improve the economic feasibility of
hybrid systems. The results are promising and show very interesting findings about the usefulness of
such systems in the near future. On the verge of an energy crisis, the conditions will most probably be
conducive to their wide employment in real applications.



1.2.Decentralised Generation

Distributed Generation (DG) systems have many advantages, including very high certainty of supply,
high efficiency power generation and high adaptability to changes in demand (both daily and yearly).
The DG systems can be compared in its essence and mode of operation to the Internet or to mobile
networks [3].

Distributed generation and renewable energy sources worldwide and in Europe [4] have attracted
considerable interest and are regarded as essential in view of two political objectives:

-Increasing Europe's energy security by reducing dependence on imported fossil fuels such as
oil, natural gas and coal.

-Reducing greenhouse gas emissions, especially carbon dioxide [5] from burning fossil fuels.
1.3.Micro-CHP

Micro-CHP is a special type of Distributed Generation systems. Its units are localised power generating
stations, producing both heat and electricity at the point of use and can export the excess electricity
generated if connected to the national grid. The thermal output is used for hot water and space heating
while the AC electricity is used locally in the house or, if demand is sufficiently low, fed onto the local
distribution system.

Micro-CHP systems are especially suited to situations where there are simultaneous heat and power
demand, as is prevalent in houses in northern European countries. The benefits of micro-CHP units are
considered in [6].

Nowadays, one of the main disadvantages of micro-CHP systems is the investment necessary in order to
acquire all the equipment, either stand-alone or grid-connected. The costs differ depending on the
technology used, and research is essential with a view to gain knowledge to minimise costs and achieve
grid parity in the near future.

1.4.Previous studies on combined use of energy sources in buildings

Building integration of micro-CHP systems is a challenge, since the thermal and electric loads are small
and the diversity high. To properly integrate a micro-CHP system into a residential building a significant
number of issues need to be solved, and for that reason many studies have been released on this topic
(see [7]).

Furthermore, there are many studies on the application of internal combustion engines in residential
buildings from several points of view: environmental, economic feasibility and so on (see [7-9] and the
references therein). A very interesting case study of a typical CHP application with emphasis on the
operational flexibility is considered in [40]. It also includes a sensitivity analysis on all major economic
parameters.

Another interesting paper ([41]) includes an optimisation model for the capacity and dispatch of
decentralised mCHP systems, focusing on a very thorough sensitivity analysis of costs.

1.5.Hybrid systems

In the last decades many studies have been performed on PV and wind technologies (to produce
electricity) and on solar thermal energy (to produce hot water). For instance, [42] develops a highly
recommendable review of papers which examine options for increasing residential PV self-consumption.



Nevertheless, relatively few studies have been carried out on the integration of these technologies or
any of its subgroups with cogeneration systems (hybrid systems). These systems present a new
dimension to the time correlation of intermittent renewable energy sources.

Many of these studies refer to stand-alone systems ([6, 10-15, 17]). Other studies take into account only
some components ([2, 9, 10, 18]), techno-economic optimization ([13, 19]), cost of energy ([3]),
technological optimization ([15, 20], and the references therein), micro-generation systems for variable
electricity prices ([21]), optimization of stand-alone hybrid renewable energy systems([16, 20]),
performance analysis of integrated CHP systems for residential applications ([22-23]), comparisons
between two generation components in grid-connected and stand-alone power supply systems,
evaluation of system performance in building application ([24-27]), and others. One more important
issue about hybrid power systems is the cost of the possible solutions on different geographic zones (see
[11, 14] and the bibliography therein).

In addition, simulation plays an important role in the studies on new technological advances. An
example of this kind of study which required simulations is [1]. Among the software mentioned in
literature, many papers have based their results in the simulations executed with the software HOMER
(see [11, 19, 27, 25]), used to design and evaluate technically and financially the technologies for off-grid
and on-grid power systems for remote, stand-alone and distributed generation applications.

In our case, the software TRNSYS 17 has been used to carry out all the simulations, one of the reasons
being that it allows for the exploration of new technologies far more easily than in less flexible software,
in view of the fact that every single parameter can be modified without effort in contrast to the opacity
of other tools. Many other studies have been successfully developed in this simulation package. A paper
which used TRNSYS for similar simulations is [26].

To determine the operating conditions for a hybrid system is a main issue to obtain high performances
in these systems.

- Mago et al ([28]) accomplished analyses and optimization of different CHP operational
strategies (by following electrical load, thermal load or hybrid electrical-thermal load) based on
several optimization criteria such as energy savings, operational cost reduction or minimum
environmental impact.

-The technical and economic uncertainties in the design and operation of micro-CHP
systems have been discussed in [29].

1.6.Fuel cell hybrid systems

Unlike our current study, an important amount of papers are based on hybrid systems which include
fuel cell technology (FC). However, its use has not been taken into account in our case. Likewise, Natural
Gas engines are not usually considered for these kinds of studies, although a control strategy for such an
engine was developed in [3].

Nevertheless, because of its interest in certain aspects the following studies are worth mentioning:

-Several methods for operating a fuel cell and solar hybrid system through field
experiments were examined in [30]. In this paper optimum capacities of photovoltaic (PV), solar
collector and FC to minimise primary energy consumption of the system are also studied. A
feasibility study appears in [31].



-The operation method and the capacity of each piece of equipment in the arrangement of a
completely energy independent micro-grid consisted of PV, water electrolysers, proton-
exchange membrane fuel cells and heat pumps have been investigated in ([32]).

-Dorer et al ([33]) analysed sizing of fuel cell systems in relation to the thermal demand of the
building, investigated the impact of hot water storage size and studied predictive energy
management/control strategies.

-A combined cooling, heating and power (CCHP) system has been studied in [34]. A
methodology for the optimal design of hybrid systems has been shown in [35].

1.7.Smart grids and Smart Energy Networks

Researchers should bear in mind the evolution in recent years from the concept of distributed
generation and Smart Grids, to that of Smart Energy Networks which do not only integrate electricity
but also every energy source available, including also management and communication methods. The
proposals suggest to see the system as a unified whole [36]. In this manner, several studies point out
that the existing infrastructure and the electricity generation process will have to evolve in order to
satisfy the new concept of Smart Energy Networks (SEN) beyond the constraints of distributed
generation.

Specially, it can be said that not only renewable energy sources should be considered, but also high
efficiency cogeneration systems may be a promising solution in SEN to supply energy in an effective
way. Through a great variety from generators to customers in urban areas, these cogeneration systems
could also help to integrate renewable technologies on a large scale [37, 38]. This study should be
regarded as a step towards these goals.

2. Method: characteristics of the study

2.1.Description of the installation

As previously highlighted in the literature review, very few investigations have been carried out on
hybrid systems that join solar thermal energy devices with a micro-CHP system.

Our study will consist on designing the energy production system (electricity, domestic hot water
(DHW), heating and cooling) for a residential block of flats. We have attempted an innovative approach
on a micro-CHP hybrid system that combines solar thermal energy, photovoltaics and natural gas
internal combustion engines to supply most of the energy for the building. Furthermore, a Life Cycle
Cost analysis and emission calculations will be carried out in the last section, as well as a sensitivity
analysis of energy costs.

Taking those characteristics into account, our system differs in many aspects from those designed in
previous studies. For instance, it is not stand-alone such as [6], [10-15] and [17], although it could be
turned into one with certain modifications. However, it considers many aspects which other studies fail
to bear in mind, for example using software which allows uncomplicated adjustments in the system in
order to make alterations easily in the future. The Life Cycle Costs of different configurations have also
been calculated similarly to [13], so as to be able to compare between them and also the conventional
case in which we obtain electricity from the grid, and use natural gas for the heating and domestic hot
water boilers. Likewise, [43] aims at optimizing the life cycle performance of a hybrid combined cooling
heating and power (CCHP) system, following electrical load (FEL) and thermal load (FTL) strategies.
Finally, the emissions of the diverse configurations have been calculated in order to compare their
performance, in analogy with papers on reduction of emissions such as [1] and [2].
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2.2.Building and climate

The building which is going to be analysed is a six-storey residential block chosen as much
representative as possible of the current Spanish architecture. It is an east facing building located

between party walls and has 1304 m? in total. There are 12 building units, 2 in each floor.

The study will be carried out for five different geographical locations of Spain, the reference cities of the
climatic zones A3, B4, C2, D3 and E1 (Cadiz, Seville, Barcelona, Madrid and Burgos respectively), where
“A” indicates the less severe climate in winter and “E” the most severe; similarly “1” indicates the less
severe climate in summer and “4” the most severe [39]. For each location, weather data such as
temperatures, solar radiation and network water temperatures are provided.

2.3.Building energy needs

Heating, cooling and DHW demands of the building depend on which climatic zone it is located. Thus, to
obtain the values of demand we had to run simulations of the building (located in those five different
zones) with the software LIDER [44]. As a result, we obtained the hourly energy demand values of space
heating and cooling for each of those cases. DHW demand was calculated through Spanish standards.
The summary of the electricity, heating, DHW and cooling annual demands for each climatic zone (in
kWh/m?) is the following:

Climatic | Electricity Heating DHW Cooling
Zone demand demand demand demand
[kWh/m?] | [kWh/m®] | [kWh/m®] | [kWh/m’]

A3 26.16 493 12.87 15.33

B4 26.16 8.46 13.66 28.26

Cc2 26.16 18.85 12.84 8.22

D3 26.16 29.87 13.15 19.57

E1l 26.16 43.03 13.85 2.15

Table 1: Electricity, heating, DHW and cooling annual demands for each climatic zone in Spain.

On the other hand, we also want to provide the building with the electricity it consumes. However, it is
considerably intricate to obtain data of the consumption patterns in residential buildings. After studying
the available information, we used the annual data and daily profiles of certain appliances provided by
the projects “EURECO” [45], “SPAHOUSEC” [46] and “ENCERTICUS” [47], in order to innovatively create
an average profile of the electric consumption of a household for each month of the year. The latter is
also based on experimental measurements, and thus was used merely to verify the consistency of the
obtained results.



The following table sums up the contribution of each of those projects:

Aggregate
Monthl
Project Annual onty Daily profiles
Variations
Output

Lighting
Clothes-dryer

EURECO - X X Freezer
TV
Computer
Cooking
Clothes-washer
Dishwasher

SPAHOUSEC X X X
Standby
Refrigerator
Oven

ENCERTICUS |X - - -

Table 2: Daily profiles, monthly variation and yearly output provided by several projects on
consumption patterns in residential buildings.

As an example, the average electricity consumption profile that we obtained for a single dwelling in
Spain is illustrated below:
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Figure 1: Average daily consumption profile of a Spanish dwelling.

Taking all the above into account, the demands which have been used for the present study (shown in
Table 1) are as representative as possible of the current Spanish building sector.

2.4.0perating protocol
The system which has been designed for this study has the following characteristics:

e The electricity will be produced by Internal Combustion Engines of 5.5 kWe running on Natural
Gas and working in parallel, whose number depends on the total electricity demand for that
time-step. To prevent engines from working under their minimum power (thus with a high fuel
consumption), the electricity will in those situations be obtained from the grid instead.
Consequently, the system will not be isolated.

e Aset of 14 photovoltaic panels will produce part of the electricity.

e The heat produced by the engines in the electricity generation process will be used to reduce
the energy required by the heating boiler. The DHW system will not be assisted by the
recovered energy of the engines.

e Asetof 12 solar thermal collectors will reduce the energy required for DHW production.

e The cooling system will be based on air-cooled liquid chillers which run on electricity.

e We will not consider in this study the possibility of selling the electricity surplus of the
photovoltaic production to the grid since the vast majority of it will be consumed within the
building at the same time it is produced. Batteries to store electricity are also out of the scope
of the current study.

2.5.Equipment sizing

The sizing of the different elements was carried out by considering many aspects. For example, for the
air-cooled chillers the peak loads were taken into account as well as the variations on the performance
due to ambient temperature and partial load factors. The auxiliary heating boilers were designed
depending on the maximum loads (to cover at least 90% of the heating hours), which are different for
each location.

Another significant example is the sizing of the photovoltaic field considering the maximum and
minimum voltage of the panels due to ambient temperature variations, with the purpose of optimising
the number of panels. The tilt angle of the PV panels was also chosen depending on the location (equal
to the latitude minus 10°), so as to maximise the electricity output of the PV array. On the other hand,
the tilt angle of the solar thermal collectors is equal to the latitude of the location, which is the optimal
value when the system is going to be used throughout the year.

3. Description of the simulated cases

The study was carried out considering different configurations of the previously mentioned system
including or not all the elements, in order to analyse their impact on energy savings and the costs
inferred from the necessary equipment.

The system has been designed with the help of the software TRNSYS 17, which allows making easy
alterations of any item included, thus making easier the task of changing parameters, connections and
configurations.



Since changing most parameters of the equipment would not affect the overall calculations in a

noticeable way, we have simulated situations in which changes are more influencing and whose results

are interesting from an energetic and economical point of view.

The configurations which have been studied are the following:

4.

-Conventional case: in this situation we simulate the installation assuming that all the necessary
electricity will be obtained from the grid. Heating and DHW will be provided by boilers running
on natural gas.

-Micro-CHP engines: the engines will produce most of the required electricity and the thermal
energy they produce will reduce the load of the auxiliary space heating boiler.

-Micro-CHP engines + photovoltaic panels: same previous scenario, including a set of 14
photovoltaic panels which will produce part of the necessary electricity.

-Micro-CHP engines + solar thermal collectors: the engines will be used, and also an array of 12
solar thermal panels which will reduce the load of the auxiliary DHW boiler.

-Micro-CHP engines + photovoltaic panels + solar thermal collectors: all the previously
mentioned proposals will be considered at the same time.

TRNSYS implementation

In this section it is going to be explained the way the system was implemented in order to do all the

simulations.

4.1.Electric subsystem

First of all, the electric part of the system was designed. It consists of the following elements (for the

most complete configuration):

-Air-cooled chillers: a combination of TRNSYS types was used to take into account the
performance variations due to ambient temperature fluctuations and partial load factors. Types
42 and 43 were used. A Data Reader (Type 9) indicates the cooling demand.

-Photovoltaic panels: Type 94 was chosen. Technical data provided by the manufacturer was
used. The panels are connected to the element which contains the climatic data.

-Inverter: we used Type 175.

-Balance tool: A calculator element was included, which is capable of obtaining for each time-
step the balance between the necessary electricity for the building, the one needed by the air-
cooled water chillers, pump consumptions and the electricity produced by the PV array. After
doing so, information is sent to the natural gas engines to indicate the amount of energy they
need to produce and how many need to be working in parallel (with the considerations
mentioned in the section 2.4).

-Micro-CHP engines: After discussing several possibilities, it was decided to use the TRNSYS type
120 due to its reliability and wide-ranging implementation. This type is initially designed to
simulate a diesel engine, but it also allows switching the type of fuel to natural gas. Once this
type is told how much electricity it needs to produce, it gives output data of fuel consumption,
fuel efficiency, electric efficiency and the waste heat produced, which will later be used to
reduce the load of the space heating boiler.
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4.2.Thermal subsystem

The thermal part of the installation is responsible for satisfying the DHW and heating needs.
4.2.1. DHW subsystem

It consists of the following elements:

—Solar thermal collectors: Its implementation is very similar to that of the photovoltaic panels.
Type 73 was used.

- Heat exchanger: It is included so as to separate the primary and secondary circuits of the solar
thermal system. A constant efficiency of 0.7 has been considered.

-Hot water storage tank: Type 4 has been used, without any auxiliary heating elements. The
total height is divided into six nodes.

-Controller and pumps: two pumps are necessary for each side of the heat exchanger. They will
be activated with a control signal which depends on the collectors’ output temperature and
that from the tank to the collectors.

-Auxiliary DHW heating boiler: We have used Type 6, which corresponds to a boiler of a

specified maximum capacity, capable of maintaining a certain output temperature (60° C in our
case). An efficiency of 92% is assumed.

-Other elements: Data readers (Type 9) are necessary to supply the data of network water
temperature and the profile of hot water consumption (obtained after calculations from
Spanish standards). In addition, a mixer and a diverter (Type 11) are used.

4.2.2. Heating subsystem

-Recovery of waste heat from the natural gas engines: one of the main purposes of this study is
to simulate a micro-CHP system. We are going to assume that 61% of the waste heat of the
engines is potentially recoverable (data consulted in the manufacturer’s datasheet). A new tool
has been designed, which acts as a heat exchanger in order to calculate which part of the
wasted heat is going to be supplied to the heating storage tank.

-Hot water storage tank: the same type as the one for DHW was used.

-Auxiliary space heating boiler: the same type as the one for DHW was used, although with a
different maximum capacity (which depends on the climatic zone). The output temperature is

set to 80 °C. We suppose a boiler efficiency of 92 %.
-Controller and pumps: same as for DHW, but pumps 3 and 4 will be activated only during the
winter months when there is heating demand on the building. The temperature difference in

the radiators between water forward and water return is calculated through a calculator
depending on the demand of each time-step.
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4.3.Variable optimization

4.3.1. Tank volumes

Once the designs were correctly implemented on TRNSYS, we had the potential to use an optimization
tool which enabled us to find the optimum values of certain variables not easily dimensioned, in order
to minimise a cost function. In particular, dimensioning the heating tank was a troublesome task due to
the abundance of dubious information on this subject.

The tool used is called TRNOPT [48], an interface written to couple TRNSYS with the GENOPT®
optimization engine [49] produced by the Lawrence Berkeley National Laboratory (LBNL).

Optimum values for the DHW and heating tanks were pursued so as to minimise the total primary
energy consumption of the building in all the climatic zones. The results showed that 2 m? for the DHW
tank was the most favourable solution. There were variations in the obtained values of each case, but
very small (less than 1%) in comparison with the total consumption of the whole installation. As for the
heating tank, the variations were very subtle, so a tank volume of 4 m?> was chosen.

4.3.2. Number of engines

At first, the idea was to supply the necessary electricity for the building through several natural gas
engines working in parallel. Our first approach consisted on using four engines. However, after obtaining
the results we observed that the number of hours that each engine worked was very different.
Furthermore, more engines did not necessarily mean less heating consumption, as a result of the lack of
simultaneity between when the third and fourth engines work (mainly in summer because of the
chiller’s electricity needs) and the heating demand. Due to that, the economic feasibility of this option
was not suitable, since the third and fourth engines worked for a short period of time in all the designs
considered and the investment costs were substantial. The main conclusion that can be drawn from
these results, is that the engines must operate for as long as possible in order to improve the economic
profitability of their implementation.

One example was the following:

Number of engines | Working hours
1 6398

2 1714

3 465

q 90

Table 3: Yearly working hours of each micro-CHP engine considered.

As a result, we assumed a number of two engines working in parallel for each design and climatic zone.
The main reason is that although the number of hours that the two engines work at the same time is not
particularly high, having two engines also adds security of energy supply in case of fault or maintenance.

4.3.3. Surplus electricity
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After analysing preliminary results, we could observe that the proposed photovoltaic subsystem only
produced surplus electricity a few hours per year, just as could be foreseen. Thus, the sale of electricity
is not considered given all the inconveniences involved, as well as the need of the inclusion of batteries.

4.4. TRNSYS system diagram

The resulting diagram of the installation differs depending on which of the five designs is being analysed.
As an example, the TRNSYS outline of the most complete design is the following:
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Figure 2: Interconnections between Types for the whole system considered in this paper.

5. Analysis of results

5.1.Calculations

Once all the simulations were carried out, it was possible to obtain the annual aggregated consumptions
of the main elements of the plant for each of the five considered designs, and each climatic zone. The
most important are the following:

-Annual heating consumption.

-Annual Domestic Hot Water Consumption.

-Annual consumption of the engines.

-Annual electricity consumption (cooling, pumps and building electricity needs).

Consequently, we were able to perform all the necessary calculations in order to know the fuel
consumption for each element. In addition, we were in a position to ultimately calculate the primary
energy consumptions, total costs of operation and total CO, emissions.
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The primary energy and emission factors (obtained from [50]) and the energy costs considered are the
following:

-Natural Gas primary energy factor [kWh/kWh]: 1.07
-Grid electricity primary energy factor [kWh/kWh]: 2.35
-Natural gas emission factor: 0.204 kgCO,/kWh

-Grid electricity emission factor: 0.649 kgCO,/kWh
-Natural Gas cost: 0.068 €/kWh

-Electricity cost: 0.209 €/kWh

One of the purposes of the study was to determine the Life Cycle Cost (LCC) for each case. A time span
of 30 years was considered, which includes the capital investment, operation, replacement, and
maintenance costs. The values for the LCC were obtained with the following equation:

30
1
LCC = Inltlalinvestment + COStSreplacement + (COStSoperation + COStSmaintenance) ' z m
t=1
Where “t” is the year, and “r” is the inflation rate (considered as 3%).
The succeeding tables sum up the accomplished results:
PRIMARY ENERGY CONSUMPTION | A3 B4 C2 D3 E1l
[kWh/m’]
Conventional case 92.95 106.14 102.93 122.44 125.73
Micro-CHP engines 110.31 121.00 110.01 125.57 123.58
Micro-CHP engines +pv 94.75 106.28 98.03 114.44 113.40
Micro-CHP engines +solar thermal 99.60 110.03 101.01 116.17 114.38
Micro-CHP engines +pv + solar thermal 83.80 94.96 88.74 104.80 104.84

Table 4: Primary energy consumption for each configuration and climatic zone considered.

EMISSIONS [kgCO,/m’] A3 B4 c2 D3 E1

Conventional case 23.91 27.17 25.37 29.73 29.44
Micro-CHP engines 22.10 24.75 21.77 25.17 24.23
Micro-CHP engines +pv 19.40 22.16 19.75 23.26 22.58
Micro-CHP engines +solar thermal 20.02 22.62 20.02 23.34 22.44
Micro-CHP engines +pv + solar thermal 17.32 20.01 17.99 21.43 20.95

Table 5: Emissions [kgCOz/mz] for each configuration and climatic zone considered.
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LCC [€/m”] A3 B4 c2 D3 E1

Conventional case 162.79 186.74 172.69 202.65 199.21
Micro-CHP engines 213.45 233.50 211.48 235.33 227.44
Micro-CHP engines +pv 215.98 236.77 218.47 243.07 236.80
Micro-CHP engines +solar thermal 225.85 245.55 226.04 249.40 241.74
Micro-CHP engines +pv + solar thermal 228.34 248.68 232.89 257.05 252.08

Table 6: Life Cycle Cost [€/m2] for each configuration and climatic zone considered.
5.2.Comparison between design alternatives

For the sake of clarity we have created three sets of graphs that allow the comparison between the
different designs and climatic zones.

As will become clear below, the lowest Life Cycle Cost is always the one of the conventional design.
Conversely, it is the design with higher emissions, and its primary energy consumption is never the
lowest between those examined. The results will be further clarified in sections 5.3, 5.4 and 5.5.

In order to facilitate the comprehension of the charts, one of them is going to be explained in more
detail:

Life Cycle Costs: Zone A3
240.00
230.00
7220.00 + Conventional case
gllU.UU Micro-CHP engines
8‘200.00 Micro-CHP engines +pv
~ 190.00 Micro-CHP engines +solar
"E- 180.00 t chiecrr??ClHP engines +pv +
'G' 170.00 solar thermal
8 160.00 .
150.00 T T T Y
80.00 90.00 100.00 110.00 120.00
Primary Energy Consumption [kWh/m2]

Figure 3: Life Cycle Cost [€/m2] vs Primary Energy Consumption [kWh/mZ] of the climatic zone A3

In this case, we can safely say that the conventional case has the lowest Life Cycle Cost, whilst the most
complete design (which includes engines, PV and solar thermal panels) is the one with the highest, not
far from the other configurations. However, the primary energy consumption of the complete design is
lower than that of the conventional case, which is the second lowest. In this particular case the design
with only micro-CHP engines is the one with a higher primary energy consumption.
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The following figure shows the whole set of graphs:
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Figure 4: Life Cycle Cost [€/m?] vs Primary Energy Consumption [kWh/m?], Emissions [kgCO,/m?] vs
Primary Energy Consumption [kWh/m?] and Life Cycle Cost [€/m?] (30 years) vs emissions for each of
the five climatic zones considered.
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5.3.Primary energy savings

As is apparent, these results show that the primary energy consumption of the conventional design is
never the lowest among all those considered. The most complete design has a lower consumption in
zones A3 and B4, and in the others even other designs are better than the conventional case. The colder
the climate, the higher the reduction of heating consumption thanks to the engines. However, the
results may vary since hotter climates need more electricity for the chillers in the summer. All in all, the
balance of energy between that produced by the engines (consuming natural gas) and the electricity
obtained from the grid can cause these discordances between climates.

5.4.Life Cycle Cost

On the other hand, the LCC of the conventional design is the lowest in all the climatic zones. Anyhow,
the differences vary between different climatic zones. In colder climates such as E1 or D3, the
differences are lower between the conventional case and the rest of designs. The main reason is that
heating consumptions are much more reduced thanks to the waste heat of the engines, because of the
higher heating demands in comparison with that of hotter climates.

The higher LCC in every design is mostly due to the considerable influence of the initial investment,
whose energy savings do not compensate the additional costs. Furthermore, the maintenance costs are
noteworthy.

One of the conclusions drawn from this which goes hand in hand with many other studies, is that micro-
CHP engines are still being investigated and integrated within buildings but their technology is not yet
economically feasible in certain disciplines. However, in the near future a full scale production might
contribute to diminishing the investment costs, which could change the landscape of energy
dramatically.

5.5.Emissions

In contrast with the previous results, it can be seen that the conventional design is the one with higher
emissions. That is mostly due to the fact that more electricity from the grid is used, which entails a
higher emission factor than other energy carriers. Among the other designs, the one with all the
elements (engines, photovoltaic and solar thermal collectors) has the lower emissions in all the climatic
zones.

This result reinforces the theory that profitability and emissions do not often go together, since
improving one may penalise the other. As said before, the economy of scale might reverse this situation
in the future.

5.6.0perating hours of the engines

Another significant outcome of the study is the possibility to observe the number of hours that each
engine works in each design and climatic zone. According to our model, the second engine will be
started only if more energy than that which one engine can provide is needed. Therefore, throughout
the year the first engine will operate more frequently than the second.

The results are the following:
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A3 B4 c2 D3 El
[h] [h] [h] [h] [h]

Design Engines functioning

No engines working | 8760 8760 8760 8760 8760

1st engine working 0 0 0 0 0
Conventional case

2 engines working in | 0 0 0 0 0

parallel

No engines working | 2161 2149 2107 2095 2088

1st engine working 6599 6611 6653 6665 6672

Micro-CHP engines
& 2 engines working in | 1956 2041 1824 1963 1694

parallel

No engines working | 4174 4077 3876 3852 3826

1st engine working 4586 4683 4884 4908 4934

Micro-CHP engines +PV
& 2 engines working in | 1545 | 1650 | 1442 | 1606 | 1327

parallel

No engines working | 2035 2010 2001 1986 1981

Micro-CHP engines +solar [ 1 engine working | 6725 6750 | 6759 6774 | 6779

thermal
erma 2 engines working in | 1960 | 2044 | 1844 | 1979 | 1740
parallel

No engines working | 4124 4024 3829 3811 3766

Micro-CHP engines +PV + [ 1 ongine working | 4636 | 4736 | 4931 | 4949 | 4994

solar thermal
2 engines working in | 1548 1654 1450 1609 1332
parallel

Table 7: Disaggregation of the number of hours that each engine works in each design and climatic zone.

As we can see, in every case there are many hours in which no engine is operating. The reason for that is
that the electricity needs are below the minimum power of an engine (40% of the rated power).

The first engine operates many hours per year, in contrast with the second one which does so less
frequently. However, as we said previously the second engine also serves as backup, and thus it is
convenient in every design.

5.7.0ptimum design for each climatic zone

Relying in all the obtained data, we can observe that the optimum design for each climatic zone
depends on the chosen criteria, since LCC, primary energy consumption and emissions are not
analogous. The summary showing the order of preference for each case study is the ensuing:
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Design CRITERIA A3 B4 c2 D3 E1
LCC 1 1 1 1 !
PRIMARY 2 2 4 4 >
Conventional case ENERGY
EMISSIONS | 5 5 5 5 >
LcC 2 2 2 2
PRIMARY 5 5 5 > 4
Micro-CHP engines ENERGY
EMISSIONS | 4 4 4 4 4
LcC
Micro-CHP engines +PV PRIMARY 3 3 2 2 2
ENERGY
EMISSIONS
LcC 4 4 4 4 4
Micro-CHP  engines  +solar [ pp|VIARY
thermal ENERGY
EMISSIONS | 3 3 3 3 2
LcC 5 5 5 > >
Micro-CHP engines +PV + oo \iapy 1 1 1 1 !
solar thermal ENERGY
EMISSIONS 1 1 1 1 L

Table 8: Order of preference of each design for each climatic zone depending on the chosen criteria,
where 1 is the best solution and 5 the worst.

5.8.Sensitivity analysis of costs

Nowadays, the costs of renewable technologies are changing continuously and significant reductions
can still be expected, which means that the analysed configurations might be profitable in the future
under certain circumstances.

5.8.1. Investment costs of solar panels

A sensitivity analysis depending on the investment costs of the solar panels was carried out, in order to
check what the situation would be if their costs were to be reduced. However, the results were
conclusive and showed that the relative weight of the solar panels was very low compared to that of the
whole system (mainly the price of the engines), which implied that reducing their cost would not make a
noticeable difference in our case studies, as can be seen in the following example of the climatic zone B4
if the solar panel prices were to be reduced:
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Influence of the solar panel price in the LCC

e —ee

Figure 5: influence of the solar panel price in the LCC of the climatic zone B4
5.8.2. Sensitivity analysis of energy prices

Alternatively, the influence of the operation costs has been analysed taking into account different price
scenarios in which the electricity and natural gas prices are increased.

The considered scenarios are the following:

PRICE SCENARIO | EL.PRICE[€/kWh] | NG PRICE [€/kWh]
S1 0.209 0.068
S2 0.33 0.068
S3 0.40 0.068
S4 0.33 0.12
S5 0.33 0.15
S6 0.40 0.12
S7 0.40 0.15

Table 9: Price Scenarios

A sensitivity analysis was performed with these price scenarios in every climatic zone. Since the results
among them were very similar, only the outcomes of the climatic zone E1 are going to be illustrated:

LCC for each configuration and Price Scenario

380

—8— Conventional case
=HB=-Engines

&= Engines + PV

LCC [€/m2]

Engines + Solar Thermal

=-#=Engines + PV + Solar Thermal

180
52 53 sd 5 58 57

Price Scenario

Figure 6: Life Cycle Cost for each configuration and Price Scenario of the climatic zone E1
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On the basis of the obtained results, we can see that the first scenario (the one used for the calculations
of the previous sections) benefits the conventional design. Meanwhile, the second scenario implies an
increase of the electricity cost without modifying the natural gas cost. It basically results in a worsening
of the conventional case compared to the others, making it the one with the highest LCC (although very
close to the most complete configuration).

Under the third scenario the same pattern is repeated: the LCC of the conventional case is notoriously
increased, whilst the LCC of the other designs is only slightly affected. The main reason is that the
conventional design uses a lot of electricity from the grid, in contrast to the others which produce most
of the electricity through the CHP engines or PV panels.

The rest of the scenarios suppose an increase in both electricity and natural gas costs; various situations
that may be encountered in practice. The general conclusion that may be drawn from this data is that
the more the electricity costs are increased, the more the profitability of the innovative designs
compared to the conventional case. In contrast, an increase in the natural gas prices undermines the
profitability of the innovative designs, since their natural gas consumption is higher than that of the
conventional case.

6. Conclusions

This paper has provided an overview of the role of distributed generation and cogeneration in particular
within the energy sector. Several possibilities of design have been shown integrating natural gas engines
together with renewable resources, supplying the energy for a very representative building in Spain.

The present study has obtained evidence on the overall behaviour of such systems. Calculations have
been developed in order to obtain a comparison depending on the chosen criteria (Life Cycle Cost,
emissions or primary energy consumption) for the considered designs and climatic zones. A table
showing the order of preference for each case study depending on those criteria is presented so as to
determine the ideal solutions. The importance of the engine work hours has also been highlighted, as
well as that of the climate when choosing the optimal design.

According to the results obtained, as far as the LCC is concerned the conventional case is the best one in
all cases. Therefore, more work remains to be done, mostly by the manufacturers regarding the cost of
the engines through technological innovations allowed by economies of scale, and the removal of
administrative barriers by the governments themselves. This would make the projects more profitable,
and attract new investors. On the other hand, as has been seen, if properly designed hybrid systems
suppose a decrease in energy consumption and emissions, reaffirming their usefulness and the
important role they can play in the near future.
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