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1 INTRODUCTION

This doctoral thesis is structured in six chapters and has three major objectives: analysis of the
operation of energy production systems through the trigeneration technology with reciprocating internal
combustion engines (RICE), study the applicability of these systems on buildings with different energy
needs and bringing of new contributions to optimizing the operation of these systems.

The bibliographic study in order to carry out the scientific research project proposed in the thesis
included a number of 107 scientific papers (articles, case studies, courses) completed in the first year of
the doctoral cycle. Some of these papers dealt with topics that although did not cover exactly the scope
of the proposed topic (example: co / tri generation with turbines, Rankine cycle analysis, statistical works
on algorithms, some optimization models, economic criteria for evaluating co / tri generation, specific
technologies for refrigeration) helped to understand the field and to outline the approach to the topic.

In the first chapter of the thesis, after an overview of the classical systems of thermal and electrical
energy production and modern cogeneration and trigeneration systems, a comparison is made of the
efficiencies offered by the literature between these different types of technologies. Also in this chapter
are presented various trigeneration systems configured by researchers and consumption prediction
profiles. The field of research is identified and the research method is established during the thesis.

In the second chapter of the thesis are enunciated the general equations that lead the processes
within a trigeneration plant and the particular equations that led to the construction of hourly energy
profiles for a residential consumer - block of flats. It is proposed the mathematical model for simulating
3 modes of operation of RICE-s in a cogeneration system based on the variation of thermal efficiency
with partial load (PL) of engines. The mode of commissioning of the prime movers within the proposed
system is analyzed.

Chapter 3 - Experimental study - took place at the cogeneration plant which distributes thermal and
electric energy in the urban network of Buzau. The information in the database, statistically processed,
made it possible to determine an equation of linear variation of the overall efficiency of the part-load
system. Following the analysis of the efficiency values obtained from the simulation of the operation
with the mathematical model from the previous chapter, in the considered optimal operating mode,
comparisons were made and conclusions were issued regarding: real plant efficiencies (10 years old),
specified efficiencies in the literature and the yields given by equipment manufacturers in the data sheets.

In order to study the applicability of trigeneration systems with RICE-s on buildings with different
energy needs, it was necessary to build with the greatest possible accuracy the energy profiles of
consumption for the 4 distinct categories of consumer, proposed. A bottom-up calculation algorithm from
consumer to producer was approached. Chapter 4 proposes a diagram of a trigeneration system with
reciprocating internal combustion engines and absorption chiller with H20-LiBr solution in which are
highlighted: the area of energy produced by cogeneration, the area of energy supplied and the residential
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consumption energy area. Hourly energy profiles are built for the average day of each calendar month,
profiles named after the 3 mentioned areas of the trigeneration system, respectively:

- consumption energy profiles;

- provided energy profiles;

- produced energy profiles.

Hourly profiles of heat type thermal consumption for domestic hot water (DHW) preparation,
heating, ventilation by air heating, hourly profiles of cold type thermal consumption for air conditioning
and ventilation by cooling were built and presented graphically for the block of flats. air and hourly
profiles of electricity consumption for utilities: DHW, heating, ventilation, air conditioning, lighting and
household appliances.

Following the sizing according to the thermal requirement, motors of 4 different nominal capacities
were chosen and the overall yields were calculated in each case with the linear equation determined
following the experimental study.

Chapter 5 analyzes the adaptability of the proposed trigeneration system to different categories of
consumers by extending the energy profiles built in Chapter 4 to 3 other types of consumer buildings and
after improving the prediction equation in Chapter 3 of the variation of overall efficiency with partial
operating load. The same hourly energy profiles were built following the algorithm from the residential
consumer condominium type but applying the particularities of each consumer to an office building, a
hospital building and a commercial space. Chapter 5 presents comparative graphical analyzes between
the hourly energy profiles of the 4 types of consumers. The maximum energy consumptions on each
utility of the 4 categories of consuming buildings are compared.

The research was completed with the optimal selection of the number of heat engines and the rated
heat of the engine for a trigeneration system in the conditions of strong variation of energy consumption
from one category of consumer to another. The final subchapter 5.6 presents a method for optimizing the
choice of the number of heat engines required for each type of consumer and the optimum rated thermal
load of the engine, in sizing conditions according to the heat demand.

At the end of the thesis, chapter 6, the conclusions are presented, the main personal contributions
made and some aspects regarding the practical applicability of the research carried out are mentioned.
From the research perspective, one can consider the analysis of systems with thermal engines in different
climatic zones, the study of state-of-the-art thermal equipment or the influence of two- or three-stage
absorption installations in combination with internal combustion heat engines.
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1.1 COMPARISON BETWEEN ENERGY GENERATING SYSTEMS

In the field of energy generating systems, trigeneration technology is a step forward in cogeneration,
referring to the simultaneous generation of electricity, useful heat and cooling from a single fuel source
[1]. The possibilities of configuring a trigeneration system are practically unlimited, the complexity of
such systems resulting precisely from the multitude of production equipment, heat transfer and recovery
equipment. The practical advantage of a trigeneration system over a cogeneration system is that it can
provide a utility for thermal energy in the form of heat, produced during the cooling season - summer,
energy that from residual heat, most often dissipated in the atmosphere , becomes useful heat in the
generator of the refrigeration machine with absorption and ensures the air conditioning of the spaces.
The heat in the trigeneration systems is recovered from the primary source: engine, turbine, steam
generator, heat pump or boiler, with the help of exchanger type equipment, heat recuperators. The boilers
are also used as peak sources to cover the peak loads of the consumer. The refrigeration equipment for
air conditioning is: refrigeration machines with compressor, absorption refrigeration machines, heat
pumps, air conditioners (split or multisplit type).

This thesis will focus on trigeneration systems that have as primary source the thermal engine with
internal combustion, in Otto cycle, powered by natural gas and as a source of cold production the
refrigeration system with absorption with LiBr-H20 solution.

If in the case of separate generation systems by classical methods the overall efficiency of separate
production of heat and electricity is, according to the literature, approx. 58% [2], in the case of
cogeneration the overall efficiency reaches approx. 85% [2]. In the case of trigeneration, the overall
efficiency reaches, according to the literature, 87 + 90% [3] by using heat, mainly from flue gases, in
absorption chillers.

Table 1.1 presents some of the commonly used energy generating systems, the efficiencies achieved
and the types of energy they provide.

Table 1.1 Efficiencies and energies provided by generating systems

CCA CCA CT
Conventi ITG STAQ gas with CT CT mediu CT
combi . - CT low COGE | TRIGE
Generato onal gas ned supercri | CT fuel | lichid fuel ressu m conde NERA | NERA
r System steam turbine tical gas combus - P steam nsing
power plant cycle paramet tibil solid re pressu gas TION TION
plant steam ers steam re
MNel 35,3% 39,3% | 58% 48,3% 30% 35%
TMth 90% 89% 80% 90,5% | 91% 94% 55% 55%
TNglobal 85% 90%
Electric 4 4 v 4 4 v
Heat v v 4 v v 4 v v
Cooling v
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Regarding the efficiencies of cogeneration systems with internal combustion engines, they record values
of electrical efficiencies that tend to 45% and of thermal efficiencies that can reach 48% [4].
BIBLIOGRAPHY STUDIED

In the field of configuration of trigeneration systems, A. Piacentino et al. [1], in April 2015,
studies 3 configurations: 1 - internal combustion engine with a one-stage absorption chiller and a storage
tank, 2 - internal combustion engine with a 2-stage absorption chiller plus electric chiller and a storage
tank, 3 - gas turbine (or micro gas turbine) with a two-stage absorption chiller plus electric chiller and a
pressurized superheated water storage tank.

Viknesh Andiappan and Denny K.S. Ng [5], in April 2016, makes an analytical scheme for
determining the type and size of equipment needed for the trigeneration system, able to indicate the active
and stand-by units within the plant.

KF Fong and CK Lee [6] in December 2014, analyze the energy performance of 3 types of heat
engines in the trigeneration plant: diesel engine, natural gas engine and gasoline engine, compared to the
conventional chilled water cooling system .

Mahesh N. Shelar et al. [7], 2015, realizes the energetic and exergetic analysis of a trigeneration
system with diesel engine and absorption chiller in two systems: 1. the heat from the engine cooling
water circuit is transmitted to the absorption chiller in one stage and the heat from the gases combustion
is transmitted to the chiller with 2-stage absorption; 2. The heat from the engine cooling water circuit
together with the heat from the flue gas circuit are transmitted through the heat recuperator in a single
chiller with one-stage absorption.

Regarding the reciprocating internal combustion engine, Sepehr Sanaye et al. [8], in August
2007, I analyze 3 types of cogeneration systems having as primary source gas turbine, diesel heat engine
and natural gas heat engine. The authors elaborate several mathematical relations regarding the thermal
efficiency (in the case of the naturally powered engine and the one powered by the turbocharger), the
mass flow of fuel, the energy recovered from the cooling water for the engines and the enthalpy of the
flue gases. One of these mathematical relationships and the experimental findings of researchers on the
margin of deviation from that relationship, as well as the correlation with the specifications given in the
data sheets of engine manufacturers by rated power, is the basis for starting and developing thermal
engine efficiency. operating at partial load, presented in ch. 2.2.3 of the thesis - Operating modes of heat
engines.

Denilson Boschiero do Espirito Santo [9] and Xiling Zhao et al. [10], both in February 2014, analyze
the annual energy and exergetic efficiency of trigeneration systems with internal combustion engines in
connection with absorption chiller and absorption heat pump.

Regarding the cold production equipment, Pedro A. Rodriguez-Aumente et al. [11], in November
2011, are concerned about providing the necessary cold for a large office complex (50,000 sq m) in
Madrid in the face of the major imbalance between summer and winter load.
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Valerie Eveloy et al. [12], in February 2014, develops the idea of cooling with compressed air
absorption chillers introduced into the combustion chambers of gas turbines used in the extraction of
liquefied natural gas in the Middle East.

Mahesh Shelar and G. N. Kulkarni [13], in November 2015, make a comparison between two diesel
engine trigeneration systems, the first with an absorption chiller and an auxiliary boiler and the second
with an additional vapor compression chiller.

The optimization of trigeneration systems, within the studied scientific papers, is achieved simply
objective or multi-objective and aims to meet certain energy performance criteria or economic criteria.

Hoseyn Sayyaadi [14], in October 2008, performs multi-objective optimization of a cogeneration
system with genetic evolutionary algorithms and finds the optimal set of Pareto solutions (80/20) to fulfill
3 objective functions: exergetic efficiency, total cost rate and objective called "thermoenvironmental” -
the impact on the environment.

M. A. Lozano et al. [15], in September 2009, presents a model that allows to determine the optimal
mode of operation corresponding to obtaining the minimum cost (in € / kWh) of the final products of a
simple trigeneration system - natural gas internal combustion engine, auxiliary boiler, chiller with one-
stage absorption, electric chiller (with mechanical vapor compression).

Liwei Ju et al. [16], in June 2016, performs the multi-objective optimization of a hybrid system with
renewable energies controlled by an automation system (DERs CCHP distributed energy resources).

1.2 CONSUMPTION PROFILES IN THE RESEARCH LITERATURE

Regarding the consumer, the calculation of the annual primary energy consumption of the building
is performed using the calculation relations from the Romanian methodology Mc 001/2006 -
Methodology for calculating the energy performance of buildings. Apart from the Romanian
methodology Mc 001/2006, there are various methods in the scientific articles in the literature for
predicting the annual energy consumption of buildings. These methods use simple mathematical
algorithms to solve the nonlinearity of energy consumption data for large data sets [17], [18], [19] or
hybrid mathematical algorithms for predicting the results of nonlinear statistical problems, for modeling
complex relationships between inputs and outputs, or for managing large data sets [20], [21].

The “bottom-up” or consumer-to-source approach technique requires a multitude of parameters and
input values. The model must be calibrated with measured data and systematic errors may occur when
calculating for a large group of buildings [22], [23]. The "interior point method™ is used in reference [19]
to make a model for predicting indoor temperature and energy consumed at time "t + d" versus time "t".

Another method used in predicting the annual need for heating and cooling is the "degree-days
method". The “degree-days method” also refers to Mc 001/2006 which describes a graphical method for
determining the heating period using the “equilibrium temperature”, ie the outside temperature for which
the inputs used equal the heat losses of the building. The calculation methodology recommends, in case
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the climatic data are not available, the use of the values indicated in the SR 4839 standard, referring to
“Number of degrees-days” [23]. "Thermo-electric analogy" uses for the prediction of energy
consumption to the consumer balance relations in temperature nodes based on the electrical-thermal
similarity. The electric intensity is similar to the thermal flux, the electric sources are similar to the inputs,
the electric capacitors are similar to the thermal capacities, the electric resistances are similar to the
thermal resistances and in the nodes of the electric network we can imagine the temperatures. ) [24].

The consumer profile is built and classified in the scientific literature based on the purpose of using
energy in the consumption profile for heating, ventilation, air conditioning, a.c.m. and electric.

The analyzes are conducted by types of consumer: residential (single-family, multi-family type
houses, blocks of flats), services (offices, schools, hospitals, commercial spaces), industrial
(technological), etc.

Another type of classification is made by the amount of annual energy consumed [25] (eg up to 200
MWh / year of electricity), by operating scenarios [26] (operation of a data center) or by the time of
predominant consumption recorded [27] (day, morning, afternoon).

Consumer behavior towards the use of energy was the criterion for establishing consumption profiles
in the reference [28] (profiles called: “family”, “conscious”, “technician”, “comfort”), and in the
reference [29] it even refers to a psycho-social profile related to the consumer's attitude towards energy
efficiency. In references [30], [23], [31] and [32] the consumption profiles are established according to
the consumer's location (in the street canyon / autonomous house; in different climatic zones on the
territory of a state or in isolated areas, near the border) .

There are also in the literature classifications of consumption profiles according to energy supplier
[33] (city heating network supplier, electricity network supplier, hydraulic energy at the place of
consumption), depending on the percentage of use of consuming equipment [ 26] (use of servers 25%,
50%, 75% and 100%), depending on the operating regime of the installations [34], [35], [31], [36],
(continuous / intermittent, working day / weekend, winter vacation / summer season) or according to the
legal regime of the user [37] (public buildings; domestic / non-domestic in ANRE regulations).

What does not exist in the research literature or is difficult to meet is a complex "tool" that
integrates all types of energy consumption customized to several categories of consumers. There are no
studies on how to transfer this energy consumption from the final consumer to the basic source of a
trigeneration system. The profiles encountered are generally small-scale or do not combine absolutely all
types of utilities, being rather specialized on one or two of them, or treat a certain type of buildings
without reaching the diversity of consuming building typologies. The development of such complete and
complex profiles is a difficult and cumbersome task that is done by in situ measurements, by applying
calculation methodologies or by accessing databases when consumption bills are available. The range of
energy profile characteristics depends on a multitude of factors such as outdoor climatic conditions,
indoor comfort conditions, consumer behavior, building envelope, installation systems and technologies
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used in the production of utilities, etc. The elaboration with the highest possible accuracy of some energy
consumption profiles for the different types of consumers is very useful for the energy suppliers at the
consumption forecast in the served area. Consumption energy profiles help investors when deciding to
implement a trigeneration system. Also, the correct knowledge of consumption profiles, both in terms of
quantity and proportions between the two energy requirements: thermal and electrical, is useful when
sizing and choosing the equipment of the basic source and other components of the system.

The experimental study took place in two stages.

The first stage took place at the trigeneration plant that serves the headquarters of an economic
operator. In this stage, a visualization and understanding of the operation of a trigeneration system was
made, with the particularities of the thermal engines and of the other component equipments within the
power plant. Important information and clarifications were obtained from the specialized personnel who
manage the operation of the plant.

The second stage took place at the cogeneration plant of an economic operator that serves the heat
supply network of a city in Romania, with 129,368 inhabitants. In this location, after viewing and
understanding the objective, the operating scheme and the information received from the system operator,
the values recorded in the daily database for 2012 were obtained and analyzed.

The purpose of the experimental study was to simulate the operation and to experimentally deduce
the operating efficiency of a co / trigeneration system. The thermal, electrical and global yields deduced
will prove to be different from the values indicated in the catalogs and data sheets and slightly different
from the values indicated in the literature (in descending order).

Modeling the functioning of the system was the next step in the experimental study. We first
developed a numerical model based on the equation of thermal efficiency at partial load of Sanaye S. et
al. [8], on the equation of variation of the efficiency of the ASHRAE electric generator, 2008 [38] and
on the method of calculating the energy requirements and the efficiencies of cogeneration systems from
SR EN 15316 [39]. The numerical model was built to establish the optimal mode of operation of the heat
engines within the plant, according to the indications of the operators in the two experimental stages. The
operating mode 3 for the engines was indicated as optimal, respectively "simultaneous™ operation at the
same loading loads without the intervention of the boiler.

This first mathematical model was calibrated by applying values from the database (metered
values) and improved by statistical analysis methods. Finally, a linear variation equation was developed
that determines the overall efficiency characteristic of the system depending on the partial or nominal
operating mode of the base source motors. In an attempt to improve the global yield prediction model
and observing the exponential character of the equations issued by other researchers, the second
exponential equation was obtained from the values of the point cloud modeled from the experimental
data.
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The analysis of the coupled consumer-production system operation could be done by studying in
depth the consumption demand, respectively the energy consumption profiles.

Hourly energy profiles built on the basis of hourly average outdoor temperatures for Bucharest
and on the basis of the specifications in the technical regulations (manuals, norms, methodologies) for a
residential building, was the next important step in finding answers to questions asked at the beginning
of the research. Hourly thermal and cold consumption in the form of heat and hourly electricity
consumption for consumer utilities were determined. The calculation, called by some researchers
"bottom-up”, continued with the elaboration of hourly energy profiles of the energies supplied between
the production system - the trigeneration plant - and the consumer, after which it was driven in the plant
to the basic source - the heat engine internal combustion. The energy profiles that arrived at the source
in the plant were called energy profiles produced in cogeneration mode. The calculation was made
following the thermal requirement, the electrical requirement being ensured as a consequence of the
sizing according to the thermal requirement, according to the indications in the technical data sheet of
the chosen engine manufacturer.

The adaptability analysis consisted in building hourly energy profiles for 3 other types of
different consumer buildings: offices, hospital and shopping complex. The calculation algorithm was
followed from the residential consumer but with the application of the particularities of each type of
consumer (flows, specific temperatures, number of people, operating hours, dimensional characteristics
of buildings, different factors and coefficients mentioned by the calculation methodology, etc.). . Graphic
comparisons and tabular comparisons were made between the 4 types of consumers. Conclusions were
issued and recommendations were deduced regarding the adaptation of the trigeneration technology with
internal combustion heat engines and absorption chillers to the 4 types of consumers studied.

The optimal selection aimed at maximizing the functions of the overall efficiency of the system
following the criterion of selection of basic source equipment in terms of:

- the optimal nominal thermal load for the energy profile produced in cogeneration regime;

- the optimal number of heat engines to meet the profile of energy produced in cogeneration.

The objective function established was to maximize the overall efficiency of the system in the
conditions of a variable thermal load to the consumer.

2 MODELING

The modeling of the processes that take place in a trigeneration system involves two aspects: the
modeling of the production system and the modeling of the consumer.

Pag. 10/50



Optimization of trigeneration systems with reciprocating internal combustion engines as prime movers,
with applicability on different types of buildings in Bucharest | Marcus Gabriel

2.1 SCHEME OF THE TRIGENERATION SYSTEM

In Fig. 2.1 is presented the scheme of a trigeneration system with 3 internal combustion thermal
engines provided with electricity generation modules (G1, G2, G3). The peak source (or additional heat
generator), used to meet the load peaks, consists of two boilers (Cz1, Cz2). The fuel for the boilers and
for the combustion chambers of RICE-s is natural gas. Heat recovery from the internal combustion engine
is done with the help of plate heat exchangers mounted on two circuits: the cooling water circuit of the
engine housing, with a temperature regime of 90 + 80 ° C and the flue gas circuit, with a regime of
temperature 560 + 120 ° C.
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Fig. 2.1. General scheme of a trigeneration system with RICE-s and absorption chillers

2.2 MODELING OF THE PRODUCTION SYSTEM

Chapter 2.2.2 presents, for a general cogeneration system and for a trigeneration system, the contour
energy balance equations, known from the literature. Also in chapter 2.2.2 are presented the balance
equations of energy flows for: the heat engine, the electric generator, the heat boiler, the plate heat
exchanger, the hot / cold water storage tank and the absorption chiller.

Internal combustion engines have the great advantage that they can operate at partial loads that can
drop to 50% of their rated capacity, without significantly affecting their efficiency. At loads below 50%
of rated capacity, heat engine manufacturers recommend stopping the engine for efficiency reasons and
replacing it with a lower capacity heat boiler or other power source. In order to study the flexibility of
this efficient technology, starting from the ways of starting the engines and aiming to obtain the
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maximum overall efficiency (thermal + electric), a simple cogeneration scheme with 5 internal
combustion thermal engines is proposed, Fig. 2.2 [40].

Energia pierduta
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—
—

Energie electrica, in retea

-

Fig. 2.2. Scheme of energy flows in a cogeneration plant (source G. Marcus et al. [40])

There are several possible modes of operation of heat engines within a cogeneration / trigeneration

system. From these operating possibilities, 3 modes of operation were chosen and analyzed in the
research, [40] for the cogeneration plant shown schematically in Fig. 2.2:

mode 1 of operation, in which the thermal engines M1, M2, M3, M4, M5 come into
operation in a cascade, consecutively and each motor continues to operate at its nominal
load, 100%, once this nominal load is reached. The boiler takes over the load sequences after
the capacity of 100% of the previous engine is exceeded until the minimum requirement of
50% for the next engine scheduled to start is met;

mode 2 of operation, in which the heat engines come into operation alternately together
with the heat boiler equalizing the load between them, at each new input of an engine;
practically at the moment of entering the second motor, both M1 and M2 will start operating
at 75% partial load;

mode 3 of operation, in which the heat engines operate simultaneously, equally dividing
any value of the heat load exceeding 50% of the nominal capacity of the engine, without the
need for the intervention of the heat boiler; practically after M1 reaches 100% and the
consumer would require a consumption equal to 1.01 of the rated load, both M1 and M2
engines will start operating at 50.5% partial load. The boiler is used only at very low loads
(less than 50% of engine capacity) and at peak loads exceeding the total capacities of the 5
engines.
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Equations for the calculation of the partial operating load have been established for the 3 operating
modes. The equations for determining the partial load of the boiler in modes 1, 2 and 3 were also
determined.

The thermal efficiency of engine "i" is calculated with the equation Sanaye S. et al. [8] on the
variation of thermal efficiency at partial load. The efficiency of the electric generator is calculated with
the equation ASHRAE, 2008 [38] regarding the variation of the efficiency of the electric generator with
partial load. The useful electric power is calculated with the linear interpolation method from the
methodology for calculating the energy requirements and system efficiencies of SR EN 15316 [39].

The analysis was performed on 5 MWM TCG 2020 type engines, powered by natural gas, with a
nominal thermal capacity of 1675 kW, with a nominal thermal efficiency of 45.7%, according to the
manufacturer's data sheet. The rated electrical power of the motor is 1500 kW, with a nominal electrical
efficiency of 40.9%. The overall efficiency of the MWM TCG 2020 engine (electric + thermal) is 86.6%.

Conclusions:

1. Regarding the total thermal efficiency of the engines considered without the peak source, the
simultaneous operation mode 3 offers the maximum total thermal efficiency, 45.79%, operating
at partial loads between 85.77% and 91.47%, over several intervals load versus module 1 or
wider load ranges than module 2 [40];

2. The overall efficiency (electric + thermal) of cogeneration, considered without the range of loads
in which only the peak load operates and no electric power is generated, records values between
82.08% and 88.19% for cascade and alternating operating modes (mode 1 and mode 2) and
between 82.08% and 87.14% for simultaneous operating mode (mode 3) with better start-up
efficiencies for mode 2 [40];

3. La o analizd mai atentd modul de operare simultana (mod 3) oferda un avantaj suplimentar prin
cantitatea de energie electrica utila furnizata. Daca, de exemplu, in modurile cascada si alternant
(mod 1 si mod 2) la o sarcind egala ca valoare cu de 1,4 ori capacitatea nominala a motorului
se genereaza o putere electricd utild data doar de primul motor functionand la sarcina nominala
(100%, restul de 0,4 din sarcina fiind preluata de cazanul termic), adica 1500 kW electrici, in
modul 3 se vor genera 2100 kW electrici utili, furnizati de motoarele primul si al 2-lea

functionind fiecare la sarcini partiale de 70%, [40].

2.3 MODELING OF THE CONSUMER

Compiling consumption profiles for 4 different types of consumers in Bucharest, dividing
consumption by categories of energy consumed (thermal, electrical, refrigeration) and transmitting
energy to the source, sizing a trigeneration system according to thermal needs and analyzing the
adaptability of these types of systems technological were the main concerns of the research thesis.
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In calculating the primary energy consumption of the building, the calculation equations from the
methodology in force were used, Mc 001 / 2-2006 - Methodology for calculating the energy performance
of buildings, Part Il - Energy performance of buildings in buildings [41 ].

Chapter 2.3.1 presents the general equations for calculating energy consumption for satisfying the
utilities in the consumer building, according to the Mc 001 methodology, respectively for calculating the
following consumptions:

- Consumption of thermal energy for the preparation of domestic hot water (a.c.m.);

- Consumption of electricity required for circulation pumps in the a.c.m preparation plant;

- Consumption of thermal energy for heating the building;

- Consumption of electricity for the distribution in the building of the heating agent;

- Consumption of electricity for lighting;

- Consumption of thermal energy for air conditioning of building spaces;

- Electricity consumption for air circulation in the air conditioning system;

- Electricity consumption for air circulation in the ventilation installation;

- Consumption of thermal energy necessary for heating the ventilated air, in winter;

- Consumption of thermal energy required to cool the ventilated air, in summer.

3 EXPERIMENT

3.1 DESCRIPTION OF THE COGENERATION SYSTEM

The scientific research process within the doctoral thesis continued in January 2018 with the
experimental part carried out at the cogeneration plant of an economic operator in Buzau. The
cogeneration system of the economic operator supplies the city network with thermal agent for heating
and for the preparation of domestic hot water and electricity. The system was put into operation in June
2008. The functional scheme comprising the main equipments of the cogeneration system in Buzau is
presented in Fig. 3.1.
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Fig. 3.1. Scheme of the Buzau cogeneration system
The cogeneration system is composed of:
- two reciprocating internal combustion engines;
- two electric generators;
- 5 plate heat exchangers;
- two boilers (CAF-s).

3.2 DATABASE PROCESSING

During the experiment, the access to the database of the cogeneration system from Buzdu was
received and we received the information and data necessary for the continuation of the scientific
research. Two types of data were procured: monthly statements for 6 years, 2012 + 2017 and daily
statements for the entire year 2012.

The daily situations from 2012, used in the thesis, include the daily operating hours of each of the
2 engines, the daily quantities of natural gas in m3 consumed by the system, the daily quantities and
hours of electricity in MWh produced by each electric generator, the daily quantities of thermal energy
in MWh produced cumulatively by the 2 engines and the overall efficiencies of the system.

The numerical model configured in the paper [40] in mode 3 of simultaneous operation at the same
loading loads without the intervention of the thermal boiler, is applied to the engines in the Buzau
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cogeneration system. The model uses the daily time step during 2012. From the Buzau database were
taken the metered data for: the cumulative thermal energy production of the two engines (M1 and M2)
in MWh / day and the daily operating hours of each engine, the individual electricity production of each
motor in MWh / day and the overall daily efficiency. In simultaneous operation, at the same partial load,
M1 and M2 share the hourly heat output equally during the day's operating hours. When dividing the
thermal energy production, we introduced the condition of not exceeding the nominal thermal power of
the motor from the technical data sheet - 3070 kW. It is observed that in the months of Oct., Nov. and
dec. the thermal boiler (CAF) also comes into operation to ensure the peak heat demand requested by
consumers. For each engine was calculated, after dividing the thermal output, the partial operating load
(PL), the individual thermal efficiency at partial load and the individual electrical efficiency at partial
load, the useful energies: thermal, electrical, total. The numerical model also calculated the energy lost
by the system and the fuel energy of the cogeneration system. Finally, the total thermal efficiency and
the overall efficiency (thermal + electrical) of the system were calculated, called modeled efficiencies.
Database efficiency (BDBs) are also called real efficiencies.
LINEAR VARIATION OF EFFICIENCIES

With the help of the "trendline"” function, Excel, the curves closest to the values representing the
point cloud of the daily efficiencies (thermal, electrical or global) defined for the different partial
operating tasks of the cogeneration system were drawn. Thus, the tendency of the set of values of thermal,
electrical or global efficiency in the case of increasing the loading load (partial) of internal combustion
heat engines was observed.

Calculation hypothesis

The partial daily operating load of the cogeneration plant, PLCOG (2MT + CAF) was calculated,
assuming an optimal sizing of the plant, ie it was assumed that the nominal daily thermal load of the plant
(at 100% capacity) is equal to the sum of the nominal thermal powers of the 2 engines during a day (24
hours) plus the power of a thermal boiler that should cover % the load of an engine, 1,535 MW, (the real
power plant has, in an oversized way, two 35 MW CAFs ).

The variations of the modeled thermal efficiency, the modeled electrical efficiency and the
global modeled efficiency (thermal + electric) were represented graphically depending on the partial
operating load of the cogeneration system. The trendline of the point cloud was drawn and the linear
equations of the regression lines for each graphical variation resulted.

In Fig. 3.2 is the graph of variation of the global modeled efficiency of the cogeneration plant
depending on the partial operating load of the cogeneration system. The trend line of the point cloud was
drawn and the linear equation of the regression line, equation 3.1, resulted.

Ng1 = 0,1553 * PLgog + 0,6708 ) 3.1

Pag. 16 /50



Optimization of trigeneration systems with reciprocating internal combustion engines as prime movers,
with applicability on different types of buildings in Bucharest | Marcus Gabriel

95%
a0 :
85%
80%
75%
70%
65%
60%
55%
45%  50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 100% 105%

Pleoc

r'lglobal

Fig. 3.2. The daily variation of the global modeled efficiency with the partial load of the system

For the purpose of processing in the direction of a distribution of the point cloud as close as possible
to the normal distribution, the points that appeared dispersed were removed 'manually’ from the value
graph of the modeled thermal efficiency (the red dots were called 'thermal outliers values', 'electrical
outliers values' and 'global outliers values') and the new graphs of the remaining values were drawn. The
linear equations of the regression lines for the modeled thermal efficiency, without 'thermal outliers
values', the modeled electrical efficiency without 'electrical outliers values' and the modeled global
efficiency without 'global outliers values', were determined.

Fig. 3.3 presents the graph of the partial load variation of the modeled global efficiency from which
the 'global outliers values' were removed.
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Fig. 3.3. Variation of modeled global efficiency without ‘global outliers values' with partial load
The equation of the variation of the modeled global efficiency without 'global outliers values'
depending on the partial load is:

r’glCOG =0,4372- PLCOG + 0,4152 (_) 3.2
EXPONENTIAL VARIATION OF EFFICIENCIES

The equation obtained in ch. 3.2.2 of the thesis represents a linear variation of the efficiency with
the partial load. During the bibliographic study it was found in the work of Sepehr Sanaye et al. [8], the
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equation describing the variation of the thermal efficiency at partial load as a function of the nominal
thermal efficiency and of the partial load. The equation is applicable to supercharged (turbo) engines
with rated loads between 50 and 6000 kW. The authors note that the equation showed a deviation of up
to 10% from the experimentally values obtained from databases. It was observed that the respective
equation is of exponential type, with the variable partial load (PL) at the exponent of the power of the
number ‘e’. In an attempt to improve the statistical prediction model, the possibility of obtaining also an
exponential equation with the values of point cloud representing the modeled global efficiency was
investigated, after eliminating the ‘global outliers values'. A second equation was built with the Excel
solver:

nglCOG = 0,4926 . 60'5498.PLCOG (-) 3.3

The graph in Fig. 3.4 presents the daily variation of the modeled global efficiency with the partial
load of the system of two RICE-s, with the trend line in the case of the exponential variation.

Equation 3.3 has a slightly improved coefficient of determination, R2 = 0.8642 compared to that of
the linear equation, R2 = 0.8601. 86.42% of the values of the partial load, PLCOG, determine the values
of the global efficiency, nglCOG. The forecast of the global yield value chain improves slightly in the
sense of approximating the predicted values to the modeled values. The proximity of the modeled values
from both directions is observed, ie when the values of the first equation are lower than the values of the
modeled yield, the value obtained with the 2nd equation (exponential type) is higher / closer (ex: first
day value) and when the values of the first equation are higher than the values of the modeled yield the

value obtained with the 2nd equation is smaller / closer (ex: last day value, maximum value).
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Fig. 3.4. The exponential variation of the modeled global efficiency with the partial load
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3.3 COMPARISON OF THE EXPERIMENTAL EFFICIENCIES
WITH THE EFFICIENCIES MENTIONED IN THE
LITERATURE

Next, the variation of the daily global efficiency from the Buzau database, ngpg, (also called real
efficiency) was compared with the modeled global efficiency, ngCOG, by multiple regression (modeled
efficiency). The comparative graph between the values of the modeled global efficiency and the values
of the global efficiency from the Buzau database is presented in Fig. 3.5.
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Fig. 3.5. Comparative variation between daily modeled global efficiency vs. experiment
It was observed that, in general, the modeled global yield characteristic faithfully follows the path
of the global yield characteristic from the database but with uniform variation and higher values by 4.34
+5.40%.

3.4 SYSTEM MODELING CONCLUSIONS

The numerical model built within the analysis of the yields of the cogeneration system having as
primary source the internal combustion engines required the taking into account of several possibilities
of engine operation, which appeared progressively in discussion during the study. Several lines of
calculations and tests resulted, some resulting in incorrect results that had to be corrected. Although the
model does not deal in detail with the aspects related to the electric efficiency of heat engines (the second
component of the overall efficiency) it had to be improved by applying linear interpolation in the method
of calculating the electric useful power, as stipulated in EN 15316 [39 ].

In the case of aspects related to the efficiency of thermal boilers, research was done on the technical
data provided by 7 manufacturers of such equipment which dismantled the erroneous perception that the
efficiency of boilers would increase with the load. In the technical data provided at different loads (partial
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loads), generally between 40% and 100%, the efficiency values of the boilers are higher at the lower
load. The maximum efficiency of a thermal equipment does not automatically equate to its operation at
rated load. It was observed that in the case of internal combustion heat engines this is obtained at a partial
load (PL) located around the range of 85% + 91%. The graphical analyzes and the study of the obtained
results led to the conclusion that mode 3 of operation - simultaneous operation of the motors at the same
loading loads, without the intervention of the boiler - is the most advantageous mode of operation, with
high values of global efficiency over longer intervals. load and with higher electrical production, decisive
in the case of pursuing an important electrical requirement along with the thermal one.

This mode 3 of operation was applied to the cogeneration plant in Buzau and to the database
collected from the economic operator. The comparison between the overall yields obtained in the model
and the overall yields resulting from field measurements and metering led to a graphical analysis, to the
obtaining of the equations of variation of yields and to a series of important conclusions presented in the
article [42]. An analysis of the behavior of the overall efficiency in the conditions of the variation of the
parameters of the absorption cooling installation was carried out in the article [43]. It was observed that,
in general, the global yield characteristic of the model follows the route of the global field yield
characteristic but with uniform variation and higher values by 4.34 + 5.40%. The analysis of the values
of global efficiency and thermal energy delivered to the consumer resulted in a less efficient behavior
during the summer months compared to the winter period. This is a strong argument in favor of
implementing trigeneration technology.

The numerical model built to analyze the yields of the cogeneration system is a preferable method
to use approximate values or estimated values. The mathematical model will be extended, improved and
calibrated on a trigeneration system, in the following chapters, after which the optimization possibilities
for 4 different types of consumer buildings in Bucharest will be finally analyzed.
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4 ANALYSIS OF THE OPERATION OF THE
TRIGENERATION SYSTEM

4.1 RESIDENTIAL CONSUMER

The analyzed block of flats is located in Cernauti Street no. 50, pp. D8, sc. 1, Sect. 2, Bucharest.
The block of flats is a building with a height of Ug + Gf + 4F, having a regular shape in plan, consisting
of a single section of staircase, separated by a seismic joint from the neighboring staircase. The staircase
section has a length of 27.00 m and a width of 16.00 m. The block of flats has a number of 19 apartments,
these being considered medium conventional apartments (apmc), with an area of 60 m2 and a number of
2, 8 people per apartment.

. CONSUMPTION ENERGY PROFILES

For the residential type consumer, the daily hourly consumption profiles (thermal and electric) for
the average day of each month by utilities were identified:

1) consumption profile a.c.m. thermal - represents the hourly thermal energy consumption for
domestic water heating;

2) consumption profile a.c.m. electric - represents the hourly electricity consumption necessary for
the circulation pumps from the a.c.m distribution installation;

3) thermal heating consumption profile - represents the hourly thermal energy consumption for space
heating;

4) electric heating consumption profile - represents the hourly electricity consumption necessary for
the circulation pumps in the heating installation;

5) electricity consumption profile for lighting and appliances;

6) profile of thermal consumption for air conditioning, for cooling the spaces of the residential type
of consumer;

7) profile of electricity consumption air conditioning - represents the hourly electricity consumption
for air circulation in the air conditioning system;

8) ventilation thermal consumption profile for heating the air in the ventilation system, in winter;

9) ventilation thermal consumption profile for cooling the air in the ventilation system, summer;

10) ventilation electricity consumption profile - represents the hourly electricity consumption for air
circulation in the ventilation system;

Each consumption profile for the residential type consumer in turn involves one, two or three
categories of energy consumed: electricity, thermal energy for heating, thermal energy for cooling (cold),
provided by the consumer trigeneration system, Fig. 4.1. The blue label indicates the type of profiles
developed in each step.
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Fig. 4.1. Scheme of the trigeneration system, highlighting the energy consumed
I1. PROVIDED ENERGY PROFILES

The trigeneration system will produce and transfer to the residential consumer 3 types of energy:
electricity, thermal energy in the form of heat for heating and thermal energy in the form of cold for
cooling. The three profiles of the supplied energies resulted from the sum of the hourly consumptions
calculated and presented in the previous subchapter. Were built:

1) Hourly profile of energy supplied in the form of heat;

2) Hourly profile of energy supplied in the form of cold;

3) Hourly profile of electricity supplied.

The diagram in Fig. 4.2 highlights the energies provided by the production plant to the consumer.
The blue label indicates the type of profiles developed in each step.
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Fig. 4.2. Scheme of the trigeneration system, highlighting the energies provided
11l. PRODUCED ENERGY PROFILES

The prime movers of the trigeneration system - RICE-s - will produce and transfer to the residential
consumer 2 types of energy produced in cogeneration: electricity and heat.

The heat produced by heat engines, QMT, is divided during the cooling period - summer - into the
heat needed to produce cold for air conditioning, QChill, in the absorption system - chiller - and the heat
accumulated in the hot water tank, QRez, necessary for water preparation hot for consumption. During
the heating period - winter - the heat produced by heat engines, QMT, is distributed to the heat tank - hot
water - in the form of accumulated heat, QRez, at a temperature of 95 ° C, necessary for both space
heating and preparation of hot water for consumption.

The electricity produced by the electric generators, EMT, of the heat engines has two components
auxiliary electricity, Eaux, and the electricity which is transformed into the electric voltage transformer,
ETraf. Auxiliary electricity represents the own internal consumption of the trigeneration system for the

operation of pumps, fans, solenoid valves, electrical automation equipment, etc. The electricity of the
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transformer comes out of the production system and is transported to the consumer apartment block, Wel,
and the surplus produced, Wsen, is delivered to the electricity grid of the National Energy System (SEN),
depending on the ratio of production and required by the consumer. The diagram in Fig. 4.3 highlights
the energies produced in the Qmt and Emt cogeneration regime from the contour of the production plant.
The amount of hourly energies produced in cogeneration mode will be found by continuing the ‘bottom-
up’ calculation meaning. The sizing of the system followed the thermal needs of the consumer. The heat
required by the motors will result from the sum of the heat required by the chiller with the heat required
by the hot water storage tank. Depending on the thermal capacities of the internal combustion engines
selected according to the thermal needs of the consumer and according to the specifications of the
manufacturer's data sheet, the production of electricity from the trigeneration plant will result.
Subsequently, by a reverse calculation (from producer to consumer) it will be established the surplus
electricity that will be delivered in SEN, Wsen.
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Fig. 4.3. Scheme of the trigeneration system, highlighting produced energies
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Were built:
1) Hourly energy profile produced in cogeneration mode for absorption chiller;

2) Hourly energy profile produced in cogeneration regime for the hot water tank;

3) Profile of total thermal hourly energy produced in cogeneration, Fig. 4.4.
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Fig. 4.4. Hourly profiles of total thermal energy produced in cogeneration, residential
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Following the calculation of the total thermal energy values that need to be produced in cogeneration
for the residential type consumer and the sizing of the system according to the thermal requirement based
on the recommended hourly cogeneration coefficient, acog = 0.5 [3 ], two MAN E2676 E engines were
chosen, with a rated thermal output of 86 kW and a rated electric power of 140 kW. The system operates
in mode 3 of operation - simultaneously, at the same load without the intervention of the boiler,
according to [40]. Based on the mathematical model built in the paper [40], applied to the trigeneration
system for the residential consumer and using the data from the specification sheet, the total hourly
electricity produced by the two heat engines, Ewmr, is calculated.

Analysis and conclusions

The percentage differences in global efficiency in operation between these partial loads are around
8 percent. In this case, the demand for heating medium at certain time intervals requires the engines to
be stopped in order not to operate below the recommended capacity. Only the boiler will operate on these
time intervals. During the time intervals when only the boiler will operate, there will be no electricity
production and we cannot talk about cogeneration. The operation of the system will be similar to the
operation of a classic system of separate production, the efficiency will be only the thermal efficiency of
the boiler and we can not raise the issue of an global efficiency as defined in chap. 2.2.1 of the thesis -
SPECIFIC INDICES, there is no electrical efficiency. The values of the global efficiency of the
trigeneration system configured for the residential consumer, having as prime movers two reciprocating
internal combustion engines MAN E2676 E of 86 kW, are between a minimum of 52.50% and a
maximum of 72.20%. Maximum global efficiency, higher than 75%, are obtained in the summer months
at noon, when the cold load for air conditioning is high to maximum. It is observed that the global
efficiency of the trigeneration system increases when the load required by the consumer is higher.

For the construction of the electricity profiles supplied to the S.E.N. a reverse calculation was
processed from the engines of the production system to the consumer. It resulted from the calculations
of the auxiliary electricity in the hypothesis that the electricity consumed inside the system (production
hall) at the pumps that transport the heat to the hot water tank and to the chiller, Eaux, is equal to the sum
of electricity calculated at the consumer profiles. for circulation pumps of the heating system, the pumps
of the DHW preparation system and chiller pumps during operation. The hourly energy profiles for the
electricity transformed into Transformer, Erraf, was obtained by subtracting the auxiliary electricity, Eaux,
from the total hourly electricity produced by the two heat engines, Emt. The hourly electricity produced
by the electric generators of the two heat engines MAN E2676 E of 140 kW electric from the trigeneration
system configured for the residential consumer, after decreasing the auxiliary (internal) consumption of
the production plant, is higher than the hourly requirement of electricity of the block of flats, respectively
is higher than We, calculated in chapter 4.1.3.3 of the thesis - Hourly profile of electricity supplied.
Therefore, the surplus production will be delivered to the National Energy System and the hourly energy
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profiles of the average day of month will result from the calculations for the electricity supplied to the
National Energy System.
IV. PRIMARY ENERGY PROFILES

Fuel energy
Motorul termic cu combustie interna MAN E2676 E este alimentat cu gaz natural. Pentru Bucuresti

gazul natural provenit din zacdmintele bazinului judetului Prahova are puterea calorifica inferioara:
PCi=9,1667 kWh/Nm?. Alcituirea profilului orar energetic al combustibilului — gaz metan — consumat
de sistemul de trigenerare a fost construit prin adaptarea ecuatiei variatiei randamentului global modelat
ecuatia 3.12 stabilitd in cap. 3.2.2, la sistemul format din doua motoare termice. Cu relatia de calcul a
variabilei sarcina partiala de functionare S-a calculat randamentul global al sistemului de trigenerare si a
rezultat apoi energia orara a combustibilului consumat. Tn modelul matematic s-a observat ca perioadele
de activare a cazanului termic corespund Tn modul de operare cu perioade de oprire a ambelor motoare
termice, corespunzand unor sarcini termice cerute de consumator foarte mici (sub 40 de KW termici ceea
ce reprezintd mai putin de 50 % din sarcina nominald termica a unui motor, 40 KW < 0,5 - 86 kW).

Energia primara

The calculation of the primary energy consumed by the trigeneration system is done by multiplying

the fuel energy by the conversion factor into primary energy, according to Mc 001, [34]. For the
trigeneration system with two engines MAN E2676 E, configured for the residential consumer, in Fig.
4.5 are represented the hourly energy profiles of the average monthly day, for the energies produced in
cogeneration: thermal QwmT and electrical EmT, for energy losses P and for primary energy E,.

Conclusions

On the basis of the consumed, provided and produced energies profiles, the operation of
trigeneration technology was analyzed on a residential small consumer, by choosing a small capacity
engine, with a rated thermal input of 86 kW and a rated electric power of 140 kW. The operation was
simulated in simultaneously mod of operation - at the same load, without the intervention of the boiler.
The global hourly efficiency of the system reaches values that tend towards a maximum of 78.55%,
clearly superior to the separate production of energies by the classical method, 58% [2]. The minimum
hourly global efficiency obtained in during the simulation is low, 52.50%, below the efficiency of the
classical solution. The average hourly global efficiency, for the hours in which at least one of the engines
is operating, is 62.86%. Hours at low capacity during the night in May, June, July, August and September,
as well as mid-day in the transition months: April and October cause to stop the engines and only operate
the boiler. The boiler does not produces electricity and therefore the efficiency values were not
considered being co / trigeneration; during these time intervals the analysis would become only about
the efficiency of a classical source. During operation, the consumer’s demand imposed periods in which
only one of the two engines was working.
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Fig. 4.5. Hourly profiles of produced energy in cogeneration, losses and primary energy
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5 ANALYSIS OF THE ADAPTABILITY OF THE THERMAL
ENGINE TRIGENERATION SYSTEM TO DIFFERENT
CONSUMERS

5.1 CONSUMER DESCRIPTION

In order to meet the objectives set and pursued in the thesis, the construction of 3 other types of
energy profiles for consumers completely different from the residential one was continued. The
differences consisted not only in different dimensions of the consuming building but also in different
areas of activity carried out with different specific flows, different number of occupants, different
temperature regimes. The variety of the typology of the analyzed consumers will lead to the appreciation
of the adaptability of the trigeneration technology with thermal engines and to the demonstration of its
flexibility. The following were analyzed in Chapter 5, together with the residential consumer:

= office building;
= hospital building;
= commercial space.

The office building consumer is an administrative building in the city of Otopeni, str. Aurel Vlaicu,
no. 11. The building has a height of GF + 2F and was built in 2007.

From a constructive point of view, the building is characterized by:

- destination of the building: offices;

- height regime: GF + 2F;

- total volume of the building: 38403 m3;

- useful area: 4416.9 m2;

- climatic zone Il - represented by the external calculation temperature 6e = -15 °C;

- wind zone |1, characterized by the calculation speed of the wind 0.20 m / s.

The hospital consumer is the building of the Craiova County Emergency Clinical Hospital - Corp
C2, from Tabaci Street no. 1, Craiova, Dolj County, building owned by Dolj County Council.

From the point of view of the typology of civil buildings, the hospital is characterized by:

- territorial - urban area;

- conformation and location on the lot - independent building, without attached buildings;

- height-environment regime: Ug + Gf + 4F;

- climatic zone Il - represented by the external calculation temperature 6e = -15 °C;

- wind zone Il (by theoretical hypothesis), characterized by the calculation speed of the wind 0.20
m/s.
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For the modeling of the hospital consumer a theoretical hypothesis was created: the real physical
building is located in Bucharest (wind zone I1).

The commercial space consumer is the ‘Le Fontane’ building from Str. Traian Popovici no. 79-91,
Sector 3, Bucharest, mixed-use building (residential, office and commercial). Only the commercial area
was taken into account from the analyzed building. The building is provided on the ground floor with 7
commercial spaces, an area with meters and two areas for storing bicycles, the floor area above the
basement being 881.0 m2. On the ground floor, the commercial spaces have a height of 5.30 m + 0.90 m
(consisting of false ceiling, slab and soundproofed upper floor). The building was built in 2011.

5.2 PARTICULARITIES OF ENERGY PROFILES FOR
RESIDENTIAL, OFFICES, HOSPITAL AND COMMERCIAL
CONSUMERS

For the construction of hourly energy consumption profiles for consumers such as office buildings,
hospitals and commercial spaces, the same methodology was used and the same calculation algorithm
was used, with the same equations as for the residential consumer, with the particularizations imposed
by technical regulations.

Table 5.1 shows the main parameters of the hourly energy profile for DHW (domestic hot water).
use for each type of consumer.

Table 5.1. DHW parameters for each type of consumer

Np Qe tac A ac - ar

Consumer
(pers) (I/day,pers) (h/h) (K)

residential 53 70 0,6
office 260 5 0,2

100 115 0,6 50
hospital

84 5 0,2
commercial 134 10 0,2

Table 5.2 shows the main heating parameters used for each type of consumer.

Table 5.2. Heating parameters for each type of consumer

0i H th fsen fangl b Cp1 Ce2
Consumer

(K) (WIK) (h/h) () () () () ()

residential 20 2637,12 2

office 20 2994,68 2
1 1 1 0,9 0,1

hospital 22 1666,35 2

commercial 18 2222,70 1
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In Fig. 5.1 are presented comparatively, for January, the thermal consumption for heating of the 4
categories of consumers.
Table 5.3 shows the main electrical parameters calculated and used for each type of consumer.

Table 5.3. Electrical parameters by types of consumers

Psp Su ku Pi Pa tu
Consumer
(kW) (m?) () (kW) (kW) (h)
residential 107,25
office 0,160 1812,30 0,90 289,968 260,971 20475
hospital 2253,80 0,66 206,880 136,541 4700
commercial 0,0875 881,00 0,80 77,087 61,670 4230

In Fig. 5.2 are presented comparatively, for July, the electricity consumption for lighting and sockets
(appliances, equipment as appropriate) of the 4 categories of consumers studied.
Table 5.4 shows the main air conditioning parameters used for each type of consumer.

Table 5.4. Air conditioning parameters for each type of consumer

Hy Hy 0i 0 Ointr Psp n Nh
Consumer
(W/K) (W/K) (K) (K) (K) (W/méh) (hh) (h)
residential 1984,55 652,57 25,5 23,5 0,42 5
office 2844.,42 1139,94 26 o 24 0,56 6
] variabila 0,3-0,6
hospital 1064,12 10794,9 25,5 23,5 0,56 8
commercial 851,82 4728,38 25 23 0,35 7

Table 5.5 shows the main ventilation parameters used for each type of consumer.

Table 5.5. Ventilation parameters for each type of consumer

Ointr 0e CAl Gp Gs T Nvent
Consumer
(K) (K) () (m3/h,pers) | (m¥h,m?) | (h/h) ()
cooling | 24
residential ] 2 25 2,52 0,4
heating | 22
cooling | 24
office ] 2 25 2,52 0,4
heating | 22 _
] variable 0,7
cooling | 23,5
hospital ] 1 36 1,8 0,4
heating 24
cooling | 23
commercial ] 2 25 2,52 0,5
heating 20

Pag. 31/50




Optimization of trigeneration systems with reciprocating internal combustion engines as prime movers, with applicability on different types
of buildings in Bucharest | Marcus Gabriel

lanuarie

M inc. Rezidential Minc. birouri

M inc. Comercial

W inc. Spital

Consum orar termic (kWh/h)
=
-

12 34567 8 9101112131415161718192021222324
Ora

Fig. 5.1. Comparative thermal energy consumption for heating

Pag. 32 /50



Optimization of trigeneration systems with reciprocating internal combustion engines as prime movers, with applicability on different types

of buildings in Bucharest | Marcus Gabriel

100

-~ 00 W
o o o

Consum orar electricitate (kWh/h)

M el. rezidential Iulie

W el. biroun

w el. spital

m el. comercial

1234567829

01112131415
Ora

—

b

[

7

[

8192021

P

22324

Fig. 5.2. Comparative electricity consumption (lighting + sockets)

Pag. 33/50



Optimization of trigeneration systems with reciprocating internal combustion engines as prime movers,

with applicability on different types of buildings in Bucharest | Marcus Gabriel

5.3 PROVIDED ENERGY PROFILES TO DIFFERENT

CONSUMERS

HEAT PROVIDED

By summing the hourly consumption of thermal energy in the form of heat for DHW preparation,
for space heating and for ventilation by air heating, the hourly profiles of the provided energy in the heat
form, Qcauq, for office, hospital and commercial were made. Table 5.6 presents the maximum values of
hourly consumption for each utility consuming energy in the form of heat and the maximum hourly
values of energy supplied in the form of heat, in kwWh / h, for each type of consumer. Fig. 5.3 compares
hourly energy consumption for utilities that use energy in the form of heat.

Table 5.6. Comparative table of maximum heat consumption by utilities and provided heat

kwh/h

50
40
30
20
10

0

Qacm ora Qinc,oré Qvem inc,ord Qcald
Consumer
(KWh/h) (kWh/h) (KWh/h) (kWh/h)
residential 24,683 65,928 25,172 115,783
office 17,265 74,867 100,418 192,550
hospital 112,020 44,991 71,742 228,753
commercial 10,531 51,122 46,798 108,450
120
W incalzire
110 E—
100 Wa.c.m.
90 M ventilare inc.
80
70
60

rezidential

SISTEM DE
TRIGENERARE

FURNIZARE
CONSUMATOR

5

birou spital comercial

Fig. 5.3. Comparison of maximum hourly heat consumption by utilities
COOLING PROVIDED

By summing the hourly consumption of thermal energy in the form of cold for air conditioning and
ventilation by cooling the air, the hourly provided energy profiles, in the cooling form, Qfrig, for office,
hospital and commercial consumers were made. Table 5.7 presents the maximum values of hourly
consumption for each utility consuming energy in the cooling form and the maximum hourly values of
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energy provided, in kWh / h, for each type of consumer. Fig. 5.4 compares the cold provided, by

consumers.
Table 5.7. Comparative table of maximum cold consumption by utilities and cooling provided
chim,oré Qvent,rac,oré erig
Consumer
(kWh/h) (kWh/h) (kWh/h)
residential 81,055 3,776 84,831
office 361,586 15,065 376,651
hospital 268,945 11,257 280,202
commercial 352,355 9,454 361,809
500
450 M frig furnizat
400
350
300
=
< 250 o
> 2| ¢
200 SISTEM DE N %
150 TRIGENERARE é Z
100 = | 8
0
rezidential spital comercial

Fig. 5.4. Comparison of maximum hourly cold provided

ELECTRICITY PROVIDED

By summing the hourly electricity consumption for the a.c.m. preparation system, for heating,
lighting and appliances, air conditioning and ventilation, the hourly profiles, monthly averages, of the
supplied electricity, Wel, for office, hospital and commercial consumers were made. Table 5.8 presents

the maximum values of hourly consumption for each electricity consuming utility and the maximum
hourly values of electricity supplied, in kWh / h, for each type of consumer. Fig. 5.5 compares the hourly
energy consumption for utilities that use electricity.

Table 5.8. Comparative table of maximum electricity consumption by utilities and provided electricity

WTnc ord Wacm,oré Wi| ord Wclim ord ernt,oré Wel
Consumer

(KWh/h) (KWh/h) (KWh/h) (KWh/h) (KWh/h) (KWh/h)
residential 0,212 10,846 3,972 2,022 1,013 18,019
office 0,238 1,892 98,096 13,519 4,040 117,786
hospital 0,105 53,782 95,570 10,793 2,687 162,937
commercial 0,129 1,315 38,818 2,955 2,542 45,759
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Fig. 5.5. Comparison of maximum hourly electricity consumption by utilities

5.4 PRODUCED ENERGY PROFILES IN COGENERATION

HOURLY PRODUCED ENERGY PROFILE IN COGENERATION FOR ABSORPTION
CHILLER AND HOT WATER TANK

The hourly profiles of heat, QX ,;, which must be produced to supply the absorption chiller kettle in
the case of office, hospital and commercial consumers were calculated and realized. The hourly profiles,

monthly averages, of the hourly energy in the form of heat, Qza,d, which must be produced to supply the
hot water tank for office, hospital and commercial consumers were calculated and realized. Table 5.9
shows the maximum hourly values of energy in the form of heat required to be produced to supply the
chiller and hot water tank to consumers and the maximum hourly values of thermal energy produced in
cogeneration, in kWh / h, for each type of consumer. Fig. 5.6 compares the hourly heat produced in
cogeneration mode required for the chiller and hot water tank of each consumer.

Table 5.9. Comparative table of the maximum values of heat required for the chiller and hot water tank and the total
produced heat in the cogeneration

Qtald Qlag Qur
Consumer
(kKWh/h) (kWh/h) (kKWh/h)
residential 114,767 118,146 232,913
office 530,965 187,932 718,897
hospital 396,589 233,422 630,011
commercial 512,379 100,793 613,171
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Fig. 5.6. Comparison of the maximum hourly produced heat in cogeneration, required for the hot water tank and the
chiller

5.5 OPERATION WITH DIFFERENT THERMAL CAPACITIES OF
THE ENGINES

300

200

FURNIZARE
CONSUMATOR

100 -

In ch. 4.1.4.4 of the thesis, following the calculation of the total thermal energy values produced
in cogeneration for the residential consumer, based on the hourly consumption profiles for the average
day of each month, a trigeneration system consisting of two identical RICE-s was dimensioned , MAN
E2676 E, with a rated thermal input of 86 kW and a rated electric power of 140 kW. In an attempt to find
the optimal nominal thermal capacities under the given conditions, 3 other types of internal combustion
and simulated engines operating in the same mode 3 of simultaneous operation were selected for the
residential type consumer:

- MAN E3262 E engine;

- MAN E2676 LE engine;

- MAN EO0836 E engine.

Table 5.10 compares the minimum, maximum and average global efficiencies for the 4 types of
RICE-s with corresponding thermal and electrical capacities (hominal loads).

Table 5.10. Comparative table of minimum, maximum, average global efficiencies per engine

) th,nom Cel,nom Mgl.ora MiN. TMgl,ora MaX. NgL.ora Med.
Engine
(kW) (kW) (%) (%) (%)
MAN E2676 E 86 145 52,50 72,20 61,81
MAN E3262 E 157 275 52,53 58,33 55,02
MAN E2676 LE 121 220 52,63 63,33 57,41
MAN E0836 E 37 56 52,65 85,24 78,10
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Conclusions

It is observed that in the case of the load requested by the residential consumer, load strongly variable
during the months of the year (months considered according to the hourly energy profiles of the average
day of the month), the engine with the best efficiency is the one with the lowest thermal load. The
explanation is that a small nominal thermal load more efficiently divides the range of required energy
values, respectively the load is included several times in the required energy range. The effect is that the
engines have several operating intervals at high partial loads, according to the mode of operation
described (simultaneous). It can be deduced from the calculations that in the case of a trigeneration
system with two engines, for a maximum hourly energy required to be produced of 120.8 kWh / h - in
the case of the residential consumer, the optimum rated thermal load of an engine must be 30,2 kW,

under the conditions of a cogeneration coefficient o = 0.5.

5.6 OPTIMIZING THE OPERATION OF THE TRIGENERATION
SYSTEM FOR DIFFERENT TYPES OF CONSUMERS

CHOOSING THE OPTIMUM NOMINAL LOAD AND THE OPTIMUM NUMBER OF
ENGINES FOR 4 TYPES OF CONSUMERS

The problem was to find the optimal number of engines and the optimal rated load, in accordance
with the particularities of the energy profiles of each of the consumers. This was done with the Excel
solver from Data Analysis for each type of consumer and for each of the two equations of variation
developed, linear and exponential.

The calculation steps were as follows:

1. fixing the objective function;

2. establishing the dependent variables;

3. imposing boundary conditions;

4. choosing the calculation algorithm;

5. obtaining output data;

6. interpretation of results.

I. The linear equation method

1. Fixing the objective function

A common goal of optimizing the operation of the trigeneration system is to maximize the global
efficiency of the system under conditions of variable thermal load to the consumer and under conditions

of a predetermined maximum number of engines. The maximum number established for the engines
(obviously of identical nominal capacity) is 10 pcs. engines. The objective function is to maximize the
global efficiency values described by equation 3.2 in ch. 3.2.2 and resumed in 5.2:

f1 =max{n,|Qur = 120,7 kWh/h} 5.1
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Ngi = 0,4372 - PL + 0,4152 5.2
_ Qur
PL= N'qthnom 5.3

2. Establishing the dependent variables

The dependent variables are:

- number of engines, n;

- nominal thermal load of the engine, q¢n nom;

- maximum required thermal load, Q.

3. Imposing boundary conditions

The boundary conditions or system constraints are:

- the number of motors to be an integer, neZ;

- the number of engines is less than or equal to 10, n<10;

- the number of motors multiplied by the rated thermal load to cover the maximum required

thermal load, n - q¢ nom = Qur;

- the partial operating load must be at least 50%,, PL>0.5;

- the rated thermal load of an engine does not exceed the required maximum thermal load (the

upper limit condition proved to be mandatory), q¢p nom < Qur;

- the maximum thermal load required to be a positive number, , Qpr = 0;

- the maximum thermal load required to be at most equal to the maximum hourly thermal energy
value determined in the profile of the energy produced in cogeneration regime, Qur < Qurprofil.

4. Choosing the calculation algorithm

The Simplex LP (Simplex Linear Programming) algorithm is an algorithm for programming linearly
dependent phenomena. Linear programming (also called linear optimization) is a method of obtaining
the best result (such as maximum efficiency, minimum cost, etc.) in a mathematical model whose
requirements are represented by linear equations. Linear programming is a special case of mathematical
programming, also known as mathematical optimization.

The Simplex LP algorithm is a technique for optimizing a linear objective function, subject to linear
equality and linear boundary conditions of inequality. The linear programming algorithm finds a point
after several iterations in which the function has the lowest or the highest value, depending on the chosen
objective, minimization or maximization.

5. Obtaining output data

After choosing the objective function, setting the decision variables, imposing the constraints and
choosing the appropriate calculation algorithm, select the check box so that all decision variables without
explicit lower limit have zero lower limit. The solver will solve the maximization of the linear equation
and will display the results, Fig. 5.7 for the residential consumer in this case.

6. Interpretation of results
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If the correct calculation steps have not been followed, sufficient boundary conditions have not been
imposed or a conflict occurs between the executed operations, the solver will display an error message
announcing that it has encountered an incorrect value in the target cell or a constraint cell. If the procedure
was completed correctly, the following will be displayed:

- optimal number of engines, n;

- the value of the optimal nominal thermal load of the motor, g nom;

- the maximum optimal thermal load to be required, Qur;

- the value of the optimal global efficiency, n4,.

Nolobar = 0,4372 - PL¢og + 0,4152

Termic Termic br2e = Qur
MAXIM MINIM ™™ 4
120,706 0,294

thnom

VI "n" numar de motoare (MAXIM 10) X= 5
El
kWh/h  |"Gthnom " Sarcina termica nominala (kW) y= 29,133
86,293 |"Qu" sarcina th maxima ceruta, PUTERNIC VARIABILA a= 145,667
88,078 |obiectiv: maximizare randamentului trigenerarii "n"EM." obiectiv MAX| 85,24%
88,983 [nr motoare sa fie nr intreg constraint 1 5 equals| integer
89,539 |nr maxim de motoare sa fie 10 (se poate schimba) constraint 2 5 <= 10
90,571 |nr MT x sarcina nominala sa acopere maximul cerut constraint 3 | 145,667 | >= |120,706
92,744 |Partial Load sa fie >= 50% constraint 4 1 >= 0,5
109.281 sarcina nominala a unui motor sd nu fie peste maximul th cerut constrainis | 967438 <« |120706
' din profilurile de consum construite-SUPRADIMENSIONARE i ?
118,146 |sarcina th maxima ceruta sa fie intre un MAX si un MIN constraint 6 | 145,667 | >= 0,294
112,007 |determinate in profilurile de consum (de productie - STRIGEN) constraint 7 | 145,667 | <= |120,706

Fig. 5.7. Optimizing the operation of the system for the residential consumer, with the linear equation
Residential
Fig. 5.7 presents the optimization of the operation of the system for the residential consumer with
linear equation. The value of the optimal global efficiency of the trigeneration system for the residential
type consumer, respectively 85.24%, would be obtained for a value of the maximum hourly thermal
energy required of 145.677 kwWh / h (the real maximum is registered in July, 15, 120,706 kwh / h) with
5 thermal engines with nominal thermal load (capacity) 29,133 kW.

11. The exponential equation method

1. Fixing the objective function

The objective function is to maximize the overall yield values described in Equation 3.3 and repeated
in 5.5:

f2 = max{ngy|Qur = 120,7 kWh/h} 5.4

N1 = 0,4926 - ¢05498PL 55
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PL = % 5.6

The maximum number established for the engines (obviously of identical nominal capacity) is 10
pcs. engines. The variable thermal load required by the consumer imposes values of hourly thermal
energy according to the profiles calculated in the previous chapters.

2. Establishing the dependent variables

The dependent variables are:

- number of engines, n;

- nominal thermal load of the engine, q¢n nom;

- maximum required thermal load, Q.

3. Imposing boundary conditions

The boundary conditions or system constraints are:

- the number of motors to be an integer, neZ;

- the number of engines is less than or equal to 10, n<10;

- the number of motors multiplied by the rated thermal load to cover the maximum required

thermal load, n * gt nom = Qur;
- the partial operating load must be at least 50%,, PL>0.5;
- the rated thermal load of an engine does not exceed the required maximum thermal load (the
upper limit condition proved to be mandatory), q¢p nom < Qur;

- the maximum thermal load required to be a positive number, , Qpr = 0;

- the maximum thermal load required to be at most equal to the maximum hourly thermal energy
value determined in the profile of the energy produced in cogeneration regime, Qur < Qurprofil.

4. Choosing the calculation algorithm

The Nonlinear GRG algorithm means ‘Generalized reduced gradient’. In its most basic form, this
method of solving concerns the gradient or slope of the objective function as the input values (or decision
variables) change and determines that an optimal solution has been reached when the partial derivatives
are canceled.

5. Obtaining output data

After choosing the objective function, setting the decision variables, imposing the constraints and
choosing the appropriate calculation algorithm, select the check box so that all decision variables without
explicit lower limit have zero lower limit. The solver will solve the maximization and display the
optimization results.

6. Interpretation of results

If the correct calculation steps have not been followed, sufficient boundary conditions have not been
imposed or a conflict occurs between the executed operations, the solver will display an error message
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announcing that it has encountered an incorrect value in the target cell or a constraint cell. If the procedure
was completed correctly, the following will be displayed:

- optimal number of engines, n;

- the value of the optimal nominal thermal load of the motor, g nom;

- the maximum optimal thermal load to be required, Qu7;

- the value of the optimal global efficiency, ;.

Fig. 5.8 presents the optimization of the operation of the office building consumer with the

exponential equation.

fOb} = ma-X{ngl Qmax,RICE = 534.25 kthh-} ngz = 0.4926 - 603498PL PL =%
Input data Variables

"n" - number of engines (maximum 10) X= 8
"Qhrated - rated thermal load (kw) y= 66.782
"Qpce" - heat load required a= 534.254
objective: maximize the global efficiency values "qnsghw" MAX= 85.36% Constraints
number of engines is integer constraint 1 8 equals| integer
number of engines is less than or equal to 10 constraint 2 8 <= 10
number of engines multiplied with rated thermal load to cover constraint 3 534.254 >= 534.254
partial load is at least 50 % constraint 4 1 >= 0.5
rated thermal load of a engine does not exceed the maximum )

i constraint 5 66.782 <= 534.254
heat load required
maximum heat load required to be between a minimum and a constraint 6 534,254 >= 0.000
maximum value constraint 7 534.254 <= 534.254

Fig. 5.8. Optimizing of the rated load and of the number of engines for the office buiding consumer

Office

Fig. 5.8 presents the optimization of the operation of the the system for office consumer, with the
exponential equation. The method used is the same as for the residential consumer: the objective function
is the same - exponential equation 5.5, the decision variables are the same, the boundary conditions are
the same with the values corresponding to the office hourly energy profile, GRG Nonlinear calculation
algorithm.

The value of the optimal global efficiency of the trigeneration system for the office consumer,
respectively 85,36%, would be obtained for a value of the maximum hourly thermal energy required of
534,254 kWh / h, a maximum that is also obtained in July, at 2 p.m. with 8 thermal engines with nominal
thermal load (capacity) 66,782 kW.

Table 5.11 presents the results of optimizing the operation of the trigeneration system, for the 4
consumers, with linear equation and exponential equation.
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Table 5.11. Comparative table of results of optimization, by consumers, with linear equation and with exponential

equation
Ecuatia 1 liniard (ec. 3.12) Ecuatia 2 exponentiald (ec. 3.13)
Consumator ?np(;'ltgllre nom.inawlé soligita}é %I&?ﬂ ?npg;g;\re nom.inawlé soliqita:cé %lpotti)r?:
optima optima optima optima

n Jih.nom Qur Ng! n Jih.nom Qur Ngl

@) (kw) (kwWh/h) (%) @) (kw) (kwWh/h) (%)
rezidential 5 29,133 145,667 85,24 5 29,133 145,667 85,36
birouri 8 66,782 534,254 85,24 8 66,782 534,254 85,36
spital 8 29,178 233,422 85,24 7 33,346 233,422 85,36
comercial 10 51,803 518,031 85,24 10 51,803 518,031 85,36

6 CONCLUSIONS, PERSPECTIVES

Trigeneration technologies with reciprocating internal combustion engines as prime movers have
the great advantage of operating at different loads without reducing significantly their efficiencies.
Engines can modulate their operation through automation to operate at half rated capacity. A 50%
decrease in operation, caused by the consumer’s variable demand, causes a decrease in global efficiency
of approx. 10%.

The maximum efficiency of a thermal equipment does not automatically equate to its operation at
rated load (at 100%). It was observed during the research that in the case of internal combustion engines
this is obtained at a partial load (PL) located around the range of 85% + 91%. Another important
observation is that for higher thermal capacity the range of the maximum thermal efficiency is widening.

The global efficiency obtained from the research and studies conducted, actually measured or
deduced from elaborated calculations, were, in general, slightly lower than the specified values in the
literature. This is a consequence of the age of the cogeneration system, 10 years in the studied case.
However, an accurate comparison statistic cannot be presented because there are a multitude of
influencing factors (particular operating conditions, calculation assumptions, imposed boundary
conditions, measurement accuracy and device errors, etc.) and the analysis would be extremely broad
and complex on this subject.

The obtained equations were statistically analyzed and conclusions were drawn on the meanings of
terms and coefficients. These equations provide the method of fixing the calculated efficiency according
to known formulas so that the final result is as accurate as possible to the real conditions obtained in
practice in the operation.
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In the experimental case, the modeling of the system operation and the linear equation elaborated in
chap. 3.2.2 of the thesis led to differences in values between the modeled global efficiency and the global
efficiency from the database (real global efficiency) between 5.96% and 9.58%.

The second constructed equation, of exponential type, chap. 3.2.3 of the thesis, improved the model
for predicting the values of the modeled global efficiency according to the variation of the partial load of
the trigeneration system.

The processing of information in the database and the equations developed for global efficiency
values, followed by mathematical optimization have led to improved operation of trigeneration systems
in terms of choosing optimal thermal loads for the base source of the consumer) and the choice of the
precise number of engines to meet that requirement. The issue was resolved in the respective subchapters
from a strictly mathematical point of view, in practice the obvious nominal tasks existing on the market
will obviously be chosen.

A good adaptability of the trigeneration technology with RICE-s for each type of consumer was
observed. This advantage also derives from the wide range of nominal powers on the market, from the
smallest, 50 kW, to the largest, 12 MW. Wartsila 31SG, a 20-cylinder Otto cycle engine, powered by
pure gas, of medium speed produces a power of 12 MW. The rated powers of the heat engines for
cogeneration given in the manufacturers' declarations are rated electric powers (according to 1ISO 3046-
1/2002).

Another conclusion resulting from the studies and research during the thesis, in arguing a slight
adaptability, is that in the case of strong variation of the consumption characteristic is preferable a sizing
and a choice of more fragmented nominal capacities, ie more load motors. lower nominal loads to cover
the required load (at a cogeneration index minimum o = 0.5 and minimum 4500 operating hours). This
multiplies the simultaneous operating intervals at partial loads around PL = 88%, when the yields reach
the maximum.

PERSONAL CONTRIBUTIONS

The main personal contributions made through this doctoral thesis are:

- analysis of the operating modes of internal combustion engines within a cogeneration system and
realization of a mathematical model for simulating the operation;

- carrying out the case study on the real cogeneration plant in Buzau, having thermal engines as a
basic source;

- obtaining, based on the information in the database, the equations of variation of thermal, electrical
and global efficiencies with the partial operating load of the motors;

- obtaining an exponential equation for the variation of the overall efficiency of the cogeneration
system with partial operating load;

- construction of hourly energy profiles for all types of utilities consumed by 4 categories of
consumers: residential, office, hospital and commercial;
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- construction of an optimal method of selection of the number of RICE-s and the optimal nominal
thermal load of the engine to satisfy the highly variable demand of the hourly consumption, of the average
day of each month, for 4 different categories of consumer.

PRACTICAL APPLICABILITY

The global efficiencies values from the experimental study, lower by approx. 5 percent than the
values in the data sheets and than the values presented in theoretical studies in the literature, are the
values most indicated to be considered in practice, at the time of the decision to implement a co /
trigeneration system.

The mathematical model built to simulate the operation of the engines and the prediction values of
the efficiencies offered by the regression models represent a preferable method instead of using
approximate values or estimated values.

The analysis of the efficiencies of co / trigeneration systems and the assessments in this paper
provide sufficient arguments to state that technologies with reciprocating internal combustion engines as
prime movers have a high adaptability to highly variable loads.

The energy profiles built in the thesis can be successfully applied and can be harmonized, from the
consumer's perspective, on similar buildings, with results very faithful to the reality on the ground.
Consequently, the results obtained in the end in the sphere of produced energies in cogeneration,
following the procedure indicated in the thesis, will draw an almost exact image of the way in which the
desired system for implementation must be configured.

PERSPECTIVES

In the perspective of the research will be considered:

- analysis of the operation of trigeneration systems with thermal engines on different climatic zones;

- the study of the operation of the new generation engines, with the latest reference levels in terms
of efficiency and reduction of greenhouse gas emissions;

- analysis of the influence of the coupling of heat engines with two- or three-stage absorption
refrigeration installations, with EER values of 1, respectively 1.4 + 1.6, according to the scientific
literature.

BIBLIOGRAPHY

[1] A. Piacentino, R. Gallea, F. Cardona, V. Lo Brano, G. Ciulla, P. Catrini,, "Optimization
of trigeneration system by Mathematical Programming: Influence of plant scheme and
boundary conditions," Energy Conversion and Management, vol. 104, pp. 100-114, 2015.

[2] Ramsay, Bruce, "The European Educational Tool on Cogeneration," in EDUCOGEN,
vol. Second Edition, European Commission, December 2001, p. 8.

[3] Frunzulicd Rodica, Toropoc Sanda Mirela, Uta Laurentiu, "Modalitatea optima si
exemplu de selectie a solutiei de cogenerare de mica putere pentru consumatorii de tip

Pag. 45/50



Optimization of trigeneration systems with reciprocating internal combustion engines as prime movers,
with applicability on different types of buildings in Bucharest | Marcus Gabriel

condominiu,” in Conferinta Eficienta, confort, conservarea energiei si protectia mediului
(editia a XIV-a, Bucuresti, 2010.

[4] Toropoc Sanda Mirela, Frunzulica Rodica, "Considerente tehnice si economice ale
trigenerarii,” in Volumul cu lucrarile Conferintei - Eficienta, confort, conservarea energiei si
protectia mediului (editia a XIV-a), Bucuresti, 2008.

[5] Viknesh Andiappan, Denny K. S. Ng, "Synthesis of tri-generation systems: Technology
selection, sizing and redundancy allocation based on operational strategy,” Computers &
Chemical Engineering, vol. 91, pp. 380-391, 2016.

[6] K. F. Fong, C. K. Lee, "Performance analysis of internal-combustion-engine primed
trigeneration system for use in high-rise buildings in Hong Kong," Applied Energy, vol. 160,
pp. 793-801, 2015.

[7] Mahesh N. Shelar, S. D. Bagade, G. N. Kulkarni, "Energy and Exergy analysis of diesel
engine powered trigeneration systems,” Energy Procedia, vol. 90, pp. 27-37, 2016.

[8] Sepehr Sanaye, Mehdi Aghaei Meybodi, Shahabeddin Shokrollahi, "Selecting the prime
movers and nominal powers in combined heat and power systems,” Applied Thermal
Engineering, vol. 28, pp. 1177-1188, 2008.

[9] Santo, Denilson Boschiero do Espirito, "An energy and exergy analysis of a high-
efficiency engine trigeneration system for a hospital: A case study methodology based on
annual energy demand profiles,” Energy and Buildings, vol. 76, pp. 185-198, 2014.

[10] Xiling Zhao, Lin Fu, Feng Li, Hua Liu, "Design and operation of a tri-generation system
for a station in China," Energy Conversion and Mnagement, vol. 80, pp. 391-397, 2014.

[11] Pedro A. Rodriguez-Aumente, Pedro A. Rodriguez-Aumente, Maria del Carmen
Rodriguez-Hidalgo, Jose I. Nogueira, Antonio Lecuona, Maria del Carmen Venegas, "District
heating and cooling for business buildings in Madrid,” Applied Thermal Engineering, vol. 50,
pp. 1496-1503, 2013.

[12] Valerie Eveloy, Peter Rodgers, Sahil Popli, "Trigeneration scheme for a natural gas
liquids extraction plant in Middle East,” Energy Conversion and Management, vol. 78, pp.
204-218, 2014.

[13] Mahesh Shelar, G. N. Kulkarni, "Thermodynamic and economic analysis of diesel engine
based trigeneration systems for an Indian hotel,” Sustainable Energy Technologies and
Assessments, vol. 13, pp. 60-67, 2016.

[14] Sayyaadi, Hoseyn, "Multi-objective approach in thermoenvironomic optimization of a
benchmark cogeneration system," Applied Energy, vol. 86, pp. 867-879, 20009.

[15] M. A. Lozano, M. Carvalho, L. M. Serra, "Operational strategy and marginal costs in
simple trigeneration systems,"” Energy, vol. 34, pp. 2001-2008, 20009.

[16] Liwei Ju, Zhongfu Tan, Huanhuan Li, Qingkun Tan, Xiaobao Yu, Xiaohua Song, "Multi-
objective operation optimization and evaluation model for CCHP and renewable energy based
hybrid energy system driven by distributed energy resources in China,” Energy, vol. 111, pp.
322-340, 2016.

[17] C. Deb, F. Zhang, J. Yang, S. Eang Lee, K. Wei Shah, "A review on time series forcasting
techniques for building energy consumption,” Renewable and Sustainable Energy Reviews,
vol. 74, pp. 902-924, 2017.

[18] M.A. Rafe Biswas, M.D. Robinson, N. Fumo, "Prediction of residential building energy
consumption: A neural network approach,” Energy, vol. 117, pp. 84-92, 2016.

Pag. 46 / 50



Optimization of trigeneration systems with reciprocating internal combustion engines as prime movers,
with applicability on different types of buildings in Bucharest | Marcus Gabriel

[19] Andrew Kusiak, Guanglin Xu, Zijun Zhang, "Minimization of energy consumption in
HVAC systems with data- driven models and an interior point-method,” Energy Conversion
and Management, vol. 85, pp. 146-153, 2014.

[20] S. Banihashemi, G. Ding, J.Wang, "Developing a hybrid model of prediction and
classification algorithms for building energy consumption’," Energy Procedia, vol. 110, pp.
371-376, 2017.

[21] Muhammad Waseem Ahmad, Monjur Mourshed, Yacine Rezgui, "Trees vs Neurons:
Comparison between random forest and ANN for high-resolution prediction of building
energy consumption,” Energy and Buildings, vol. 147, pp. 77-89, 2017.

[22] Peter Boehme, Matthias Berger, Tobias Massier, "Estimating the building based energy
consumption as an anthropogenic contribution to urban heat island,” Sustainable Cities and
Society, vol. 19, pp. 373-384, 2015.

[23] R. Ghedamsi, N. Settou, A. Gouareh, A. Khamouli, N. Saiifi, B. Recioui, B. DokkKar,
"Modeling and forecasting energy consumption for residential buildings in Algeria using
bottom-up approach,"” Energy and Buildings, vol. 121, pp. 309-317, 2016.

[24] Kassas, Mahmoud, "Modeling and Simulation of Residential HVAC Systems Energy
Consumption,"” Procedia Computer Science, vol. 52, pp. 754-763, 2015.

[25] "www.delgaz-grid.ro - Energie electrica - Profiluri de consum,” Delgaz Grid SA, 2000.
[Online]. [Accessed 22 septembrie 2017].

[26] Jingru Zhang, Yogesh Jaluria, "Steady and transient behavior of data centers with
variations in thermal load and environmental conditions,” International Journal of Heat and
Mass Transfer, vol. 108, pp. 374-385, 2017.

[27] T. Bouhal, Y. Agrouaz, A. Allouhi, T. Kousksou, A. Jamil, T. El Rhafiki, Y. Zeraouli,
"Impact of load profile and collector technology on the fractional savings of solar domestic
water heaters under various climatic conditions,” International Journal of Hydrogen Energy,
vol. 42, pp. 3245-3258, 2017.

[28] M. Bedir, E.C. Kara, "Behavioral patterns and profiles of electricity consumption in dutch
dwellings," Energy and Buildings, vol. 150, pp. 339-352, 2017.

[29] Rui Gaspar, Dalila Antunes, Ana Faria, Andreas Meiszner, "Sufficiency before
efficiency: Consumers' profiling and barriers/facilitators of energy efficientbehaviours,"
Journal of Cleaner Production, vol. 165, pp. 134-142, 2017.

[30] A. Vallati, S. Grignaffini, M. Romagna, L. Mauri, C. Colucci, "Influence of street
canyon’s microclimate on the energy demand for space cooling and heating of buildings,"
Energy Procedia, vol. 101, pp. 941-947, 2016.

[31] K. Ahmed, P. Pylsy, J. Kurnitski, "Hourly consumption profiles of domestic hot water for
different ocupant groups in dwellings," Solar Energy, vol. 137, pp. 516-530, 2016.

[32] Paula Anghelita, Mihaela Chefneux, Mihaela Scortescu, Loren Trocan, Relu Baraban,
"Conceptia sistemelor de producere/distributie a energiei electrice in cladirile rezidentiale
independente energetic,” Electrotehnica, Electronica, Automatica, vol. 2, p. 58, 2010.

[33] A. Kipping, E. Tromborg, "Modeling hourly consumption of electricity and district heat
in non-residential buildings," Energy, vol. 123, pp. 473-486, 2017.

[34] "Partea 1l-1, Performanta energetica a instalatiilor din cladiri," in Metodologia de calcul
al performantei energetice a cladirilor, Bucuresti, MDRAP, 2006, pp. Partea II-1 incalziri.

Pag. 47 /50



Optimization of trigeneration systems with reciprocating internal combustion engines as prime movers,
with applicability on different types of buildings in Bucharest | Marcus Gabriel

[35] "Partea 11-2, Performanta energetica a instalatiilor din cladiri," in Metodologie de calcul
al performantei energetice a cladirilor, Bucuresti, MDRAP, 2006, pp. Partea II-2 ventilatii.

[36] P. Arcuri, G. Florio, P. Fragiacomo, "A mixed integer programming model for optimal
design of trigeneration in a hospital complex,” Energy, vol. 32, pp. 1430-1447, 2007.

[37] Li Yuan, Yingjun Ruan, Guang Yang, Fan Feng, Zhengwei Li, "Analysis of Factors
Influencing the Energy Consumption of Government Office Buildings in Qingdao," Energy
Procedia, vol. 104, pp. 263-268, 2016.

[38] American Society of Heating, Refrigerating and Air-Conditioning Engineers, "Handbook
- Heating, Ventilating, and Air-Conditioning Systems and Equipment,” in I-P Edition, 2008.

[39] Asociatia de Standardizare din Romania, SR EN 15316-4-4, Performanta energetica a
cladirilor. Metoda de calcul a cerintelor energetice si a randamentelor sistemelor. Partea 4-4:
Sisteme de producere a caldurii: instalatii de cogenerare integrate in cladiri, Modulele M8-3-
4, M8-8-4, M8-11-4, Bucuresti, 2017.

[40] G. Marcus, V. lordache, R. Frunzulica, F. Tordache, "Efficiency analysis of a CHP plant,
based on reciprocating engines as prime movers and a hot water boiler as peak source," Revista
Romdana de Inginerie Civila, vol. 9, no. 3, pp. 278-291, 2018.

[41] Metodologie de calcul a performantei energetice a cladirilor, Partea a II-a - Performanta
energetica a instalatiilor din cladiri, Bucuresti: MDRAP, 2006.

[42] G. Marcus, V. lordache, F. Iordache, A. Ilie, "Energy analysis of a CHP plant with internal
combustion engines, for a district heating system, based on the information from the annual
database," in 1st Conference of the UTCB Doctoral School, Bucuresti, 2018.

[43] G. Marcus, C. I. Lungu, "Partial load efficiency analysis of a CCHP plant with RICE and

H20-LiBr absorption chiller,” in REHVA 13th HVAC World Congress CLIMA 2019,
Bucharest, 2019.

[44] "Enciclopedie Tehnica de Instalatii," in Manualul de Instalatii - Instalatii de Ventilare si
Climatizare, Bucuresti, ARTECNO, 2010, p. 14.
[45] "https://www.e-distributie.com," Enel, Operator de retea Muntenia, [Online]. Available:

https://www.e-distributie.com/ro-RO/Pagini/muntenia.aspx. [Accessed 16 03 2019].

[46] V. |. lolanda Colda, Writer, Consum energetic al instalatiilor de ventilare. [Performance].
FIl_UTCB, 2013.

[47] Indian Institute of Technology Kharagpur, "Lesson 15 Vapour Absorption Refrigeration
Systems Based On WaterLithium Bromide Pair," in Version I, Kharagpur, 2008, p. 8.

[48] "Computer_consumption_electrical LP_ELECTRICAL," ECOVOLT ROMANIA Ltd,
[Online]. Available: http:www.ecovolt.ro. [Accessed 09 December 2019].

[49] Natural Resources Canada, "RETScreen Expert (free version) download for PC," 19
September 2016. [Online]. Available: https://en.freedownloadmanager.org/.../RETScreen-
Expert.ht.... [Accessed 26 February 2019].

[50] "Directiva 2004/8/CE A Parlamentului European si a Consiliului Uniunii Europene," 11
februarie 2004. [Online]. Available: http://publications.europa.eu/. [Accessed 09 martie
2020].

[51] Wang, Suging, "Tri-Generation A Sustainable Solution for Industry,” BLACK &
VEATCH Employee-Owned, 01 ianuarie 2017. [Online]. Available: www.bv.com. [Accessed
20 februarie 2020].

Pag. 48 /50



Optimization of trigeneration systems with reciprocating internal combustion engines as prime movers,
with applicability on different types of buildings in Bucharest | Marcus Gabriel

[52] "Enciclopedie Tehnica de Instalatii," in Manualul de Instalatii, Instalatii de Incdlzire,
Bucuresti, ARTECNO, 2010, p. 66.
[53] I5 - Normativ pentru proiectarea, executarea si exploatarea instalatiilor de ventilare si

climatizare, Bucuresti, 2010.

[54] A. Piacentino, R. Gallea, F. Cardona, V. Lo Brano, G. Ciulla, P. Catrini, "Optimization
of trigeneration system by Mathematical Programming: Influence of plant scheme and
boundary conditions,” Energy Conversion and Management, vol. 104, pp. 100-114, 2015.

[55] Normativ privind proiectarea, executia si exploatarea instalatiilor electrice aferente
cladirilor, 17-2011, Bucuresti: MDRT, 2011.

[56] Tirca-Dragomirescu, Georgiana, Optimizarea exergoeconomicd a sistemelor de
trigenerare a energiei, Bucuresti: Ministerul Educatiei si Cercetarii, 2012.

[57] System, RIMA Heating,
"http://www.calor.ro/documents/products/32660/Cazane%20fonta%20Rima%20RS%20-
%20Manual%20date%20tehnice%20limba%20engleza.pdf,” Rima Heating Systems,
[Online]. Available: www.calor.ro. [Accessed 08 IUNIE 2019].

[58] Stefano Briola, Paolo Di Marco, Roberto Gabbrielli, "Thermodynamic sensitivity
analysis of a novel trigeneration thermodynamic cycle with two-phase expanders and two-
phase compressors," 2017.

[59] Simin Anvari, Rahim Khoshbakhti Saray, Keyvan Bahlouli, "Employing a new
optimization strategy based on advanced exergy concept for improvement of tri-generation
system," Applied Thermal Engineering, vol. 113, pp. 1452-1463, 2017.

[60] Sergio Sibilio, Antonio Rosato, Giovanni Ciampi, Michelangelo Scorpio, Atsushi
Akisawa, "Building-integrated trigeneration system: Energy, environmental and economic
dynamic performance assessment for Italian residential applications,” Renewable and
Sustainable Energy Reviews, vol. 68, pp. 920-933, 2017.

[61] SANYO, CARRIER, "acare.eu/CarrierCD/Litt/11615 PSD_11 05.pdf," CARRIER
SANYO, [Online]. Available: www.carrier.com. [Accessed 15 DECEMBRIE 2018].

[62] Roxana Patrascu, Cristian Raducanu, Ion Sotir Dumitrescu, "Utilizarea Energiei Partea
[," in Cursuri Universitare, Bucuresti, Universul Energiei, 2004.

[63] P. Arcuri, P. Beraldi, G. Florio, P. Fragiacomo, "Optimal design of a small size
trigeneration plant in civil users: A MINLP (Mixed Integer Non Linear Programming Model),"
ELSEVIER, vol. Energy 80 (2015), p. 631, 2014.

[64] N. Negurescu, Ctin. Pana, M. G. Popa, Motoare cu aprindere internd, Procese, Bucuresti:
Matrix Rom, 1996.

[65] Mehdi Mehrpooya, Shahrad Sayyad, Masood Jalali Zonouz, "Energy, exergy and
sensitivity analyses of a hibrid combined cooling, heating and power (CCHP) plant with
molten carbonate fuell cell (MCFC) and Stirling engine,"” Journal of Cleaner Production, vol.
148, pp. 283-294, 2017.

[66] E. Jannelli, M. Minutillo, R. Cozzolino, G. Falcucci, "Thermodynamic performance
assessment of a small size CCHP (combined cooling heating and power) system with
numerical models," Energy, vol. 65, pp. 240-249, 2014.

[67] E. Fuentes, L. Arce, J. Salom, "A review of domestic hot water consumption profiles for
application in systems and buildings energy performance analysis,” Renewable and
Sustainable Energz Reviews, no. http://dx.doi.org/10.1016/j.rser.2017.05.229, 2017.

Pag. 49/50



Optimization of trigeneration systems with reciprocating internal combustion engines as prime movers,
with applicability on different types of buildings in Bucharest | Marcus Gabriel

[68] D. Enache, A. Damian, . Colda,, "Indrumator de proiectare vol. I," in Instalatii de
Ventilare si Climatizare, Bucuresti, MATRIX ROM, 2005.

[69] Ali Nadi Unal, Ibrahim Ersoz, Gulgun Kayakutlu, "Operational optimization in simple
tri-generation systems,"” Applied Thermal Engineering, vol. 107, pp. 175-183, 2016.

[70] AG, MAN Truck & Bus, "MAN Gas Engines for Power Generation,” MAN, [Online].
Available: www.man-engines.com. [Accessed 26 mart. 2019].

[71] St. Vintild, L. Dumitrescu, I. Craciun, R. Damian, T. Cruceru, Ghe. Badea, Th. Mateescu,
L. Dumitrescu jr., A. Reteyan, D. Teodorescu, M. Sandu, V. Popescu, V. Voicu, V. Voinescu,

"Enciclopedie Tehnica de Instalatii," in Manualul de Instalatii Sanitare, Bucuresti,
ARTECNO, 2010, pp. 43, 46, 47, 51, 52.

[72] "PARTEA Il - 4 electrice,” in Metodologie de calcul a performantei energetice a
cladirilor Mc 001, Bucuresti, ARTECNO, 2006.
[73] "Partea 11-3, Performanta energetica a instalatiilor din cladiri," in Metodologie de calcul

al performantei energetice a cladirilor, Bucuresti, MDRAP, 2006, pp. Partea II-3 apa calda.

Pag. 50 /50



