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Abstract: The objective of this paper is to evaluate and to simulate the cogeneration process applied
to an apartment building in the Polanco area (Mexico). Considering the building’s electric, thermal
demand and consumption data, the cogeneration process model was simulated using Thermoflow©

software (Thermoflow Inc., Jacksonville, FL, USA), in order to cover 1.1 MW of electric demand and
to supply the thermal needs of hot water, heating, air conditioning and heating pool. As a result of
analyzing various schemes of cogeneration, the most efficient scheme consists of the use of a gas
turbine (Siemens model SGT-100-1S), achieving a cycle with efficiency of 84.4% and a heat rate of
14,901 kJ/kWh. The economic results of this evaluation show that it is possible to implement the
cogeneration in the building with a natural gas price below US$0.014/kWh. The use of financing
schemes makes the economic results more attractive. Furthermore, the percentage of the turbine
load effect on the turbine load net power, cogeneration efficiency, chimney flue gas temperature,
CO2 emission, net heat ratio, turbine fuel flow and after burner fuel flow was also studied.

Keywords: cogeneration; technical viability; apartment building

1. Introduction

Rapidly increasing world energy use has already raised concerns over supply difficulties,
exhaustion of energy resources and heavy environmental impacts (ozone layer depletion, global
warming, climate change, etc.). Final energy consumption is usually shown split into three main
sectors: industry, transport and ‘other’, including in the latter, agriculture, service sector and residential.
This makes it difficult to gather information about building energy consumption [1].

Buildings account for approximately 40% of global energy consumption and play an important
role in the energy market. The energy demands of buildings are predicted to continue growing
worldwide in the coming decades [2–4]. Some authors [4–6] report that the energy demands of
buildings (including residential and commercial buildings) have grown by 1.8% per year for forty
years (see Figure 1a). Coal and oil use in buildings has remained fairly constant since then, while natural
gas use grew steadily by about 1% per year. Global use of electricity in buildings grew on average
by 2.5% per year since 2010, and in non-OECD countries it increased by nearly 6% per year. Global
buildings sector energy intensity (measured by final energy per square meter) fell by 1.3% per year
between 2010 and 2014, thanks to the continued adoption and enforcement of building energy codes
and efficiency standards. Yet, progress has not been fast enough to offset growth in floor area (3% per
year globally) and the increasing demand for energy services in buildings. More telling is energy
demand per capita, where global average building energy use per person has remained practically
constant since 1990, at just below 5 MWh per person per year (see Figure 1b) [6]. The Secretary of
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Energy (SENER) [7] has reported that buildings in Mexico are responsible for: 20% of total energy
consumption, 27.8% of total electricity consumption, 78% of total gas consumption and 20% of CO2

emissions. Ali [8] explored various architectural and building technologies that are employed to
achieve a low-energy built environment. He concluded that the designers of the next generation of
buildings, whether residential, commercial, or institutional, should aim for “zero energy” buildings in
which there will be no need to draw energy from a region’s power grid. In this approach, the climate
and environment are used advantageously, rather than being treated as adversaries, and buildings
become sources of energy.

On the other hand, by 2015, global energy generation was distributed in the following
way: 78.3% fossil fuels, 2.6% nuclear energy and 19.1% renewable energy (9% biomass, 10.1%
geothermal-solar-hydro-wind-biofuels). In addition, 15% of the world’s population did not have
access to electricity. Of this group, 87% belonged to rural areas, 55% to sub-Saharan Africa and 34%
to South Asia [9]. SENER [7] has reported that the percentage distribution of the energy sources for
buildings (Mexico) is: 42.2% fossil fuel, 29.2% electricity, 27.8% wood and 0.8% solar. In addition,
until June 2015, the generation of electric energy was distributed in the following way: Photovoltaic
<1%, Wind 0.8%, Geothermal 2.3%, Nuclear 4.3%, Hydroelectric 13.5%, Carboelectric 13.5% and
Thermoelectric (combined cycle, steam cycle, turbo gas and internal combustion) 65.6%, which is why
the Mexican electricity market is based mainly on power cycles that must use cogeneration in order to
optimize their process.
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There are other fuels that can be used in the cogeneration process or as part of a combined process,
for example, Al-Aboosi and El-Halwagi [10] developed a design framework for integrating water
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and energy systems including multiple energy sources, the cogeneration process and desalination
technologies in treating wastewater and fresh water for shale gas production. Solar energy was
included to provide thermal power directly to a multi-effect distillation plant exclusively (to be more
feasible economically) or indirect supply through a thermal energy storage system. On the other
hand, if renewable energies are used, the cogeneration process can be more environmentally friendly;
for example, Yan and Qin [11] designed an integrated heating system that incorporates geothermal
energy into the framework of an integrated energy system of electricity, heating, and gas. An analysis
of the environmental and economic benefits indicates that the system reduces pollutant emissions and
decreases the cost of urban heating.

Cogeneration is defined as: “The production of more than one useful form of energy (such as
process heat and electrical power) from the same energy source” [12]. This concept must be
complemented by the use of waste-generated fuels in the same process as, for example, biogas.
The cogeneration process has existed since 1882, when Thomas Edison designed and built the first
commercial plant in the USA [5]. The basic elements of a cogeneration plant are: primary energy source,
heat utilization systems, refrigeration systems, water treatment system, control system, electrical
system and auxiliary systems. The different types of cogeneration can be distinguished by the
equipment used in the production of energy, as, for example: cogeneration with steam turbine,
cogeneration with gas turbine, cogeneration with an alternative engine, combined cycle cogeneration
with gas turbine, combined cycle cogeneration with an alternative engine and tri-generation [13].

In conventional power plants, a large amount of heat is produced but not used. By using
cogeneration, on the designed systems that can use heat, the efficiency of energy production can be
increased starting from the current levels, ranging from 35% to 55%, to over 80% [14]. This increase in
energy efficiency can be a result of spending less energy and reducing greenhouse gas emissions, when
conventional methods of generating heat and electricity are compared separately [15,16]. Figure 2
shows the generation ranges and energy losses for the different cogeneration configurations. It is
observed that in all four cases, a greater amount of heat, rather than electricity, is produced. Thus,
the decision to choose one of the options is based on the technical-economic analysis of the process.
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Figure 2. Heat and electricity production scheme for different cogeneration configurations.

Several authors have investigated cogeneration systems. Figure 3 shows the number of
publications from 1978 to 2018. These graphs are for the word “cogeneration” in the title, keywords
and abstract. Some authors on the subject of cogeneration are: Jana and De [17], who propose a
biomass-based cogeneration plant with CO2 capture. The thermodynamic modeling of the industrial
plant was simulated by using ASPEN Plus; Ünal et al [18] have reported the techniques of optimization
in the processes of trigeneration and poly-power generation; Shabbir and Mirzaeian [19] describe a
feasibility study of the implementation of different cogeneration options to a paper mill to evaluate
their energy saving potentials and economic benefits; Dincer and Zamfirescu [20] developed the
concept of renewable-energy-based multigeneration options for producing a number of outputs, such
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as power, heat, hot water, cooling, hydrogen, fresh water, and so forth and discussed their benefits.
Such options obviously led to an improved system performance and reduced the environmental
impacts; Buoro et al [21] identified the optimal energy production system and its optimal operation
strategy required to satisfy the energy demand of a set of users in an industrial area. A distributed
energy supply system is made up of a district heating network, a solar thermal plant with long term
heat storage, a set of Combined Heat and Power units and conventional components also, such as
boilers and compression chillers; and Yu et al [22] propose a general evaluation method to compare the
performance of six different approaches for promoting wind power integration. In consideration of
saving coal consumption, reducing CO2 emissions, and increasing investment costs, the comprehensive
benefits are defined as the evaluation index.

Current technology is making cogeneration cost-effective on increasingly smaller scales, which
means that electricity and heat can be produced in neighborhoods, or even individual sites, in which
cases the process is called micro-cogeneration [23]. Cogeneration applications in buildings include
hospitals, institutional buildings, hotels, office and residential/housing buildings where several
families live [24]. Thus, cogeneration systems for multifamily, commercial or institutional applications
benefit from the thermal/electrical load diversity in the multiple loads required, which reduces the
need for storage [25]. District energy systems reduce greenhouse gas emissions in two different ways:
(i) In buildings, less efficient equipment is replaced by an efficient central power plant; and (ii) By
producing electricity for the central grid which can replace, for example, coal and other sources of
electricity that involve a large amount of greenhouse gas emission per each kWh [26]. Joelsson [27]
determined district heating based on cogeneration of heat and electricity and bedrock heat pumps
were found to be energy-efficient systems. The net emission of CO2 is dependent on the fuel, and the
CO2 emissions from these systems are comparable to those from a wood pellet boiler, if biomass-based
supply chains are used.Processes 2017, 5, x FOR PEER REVIEW  5 of 25 
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Figure 3. Representation of the number of articles published in WoS and Scopus from 1978 to 2018.

There are several publications about the cogeneration process in residential systems [25,28–34]
(see Figure 3). Figure 4 shows the bibliographic mapping that connects the authors with the cited
references. This was done with the search “Cogeneration AND Building”. The circumferences indicate
the volume of publications made by the authors. The proximity between these circumferences and lines
account for the research network on the subject. The 9 authors with the highest number of citations are
highlighted. E.g., Tchanche et al [32] presents existing applications and analyzes their maturity. Binary
geothermal and binary biomass combined heat and power (CHP) are already mature. Provided the
interest in recovering waste heat rejected by thermal devices and industrial processes continues to grow,
and favorable legislative conditions are adopted, waste heat recovery organic Rankine cycle systems
will experience rapid growth in the near future. Esen and Yuksel [33] experimentally investigated
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greenhouse heating by biogas, solar and ground energy in the climate conditions in Elazig, Turkey.
The greenhouse was constructed, and then the required heating load of the greenhouse was determined.
For this purpose, biogas, solar and a ground source heat pump greenhouse heating system with a
horizontal slinky ground heat exchanger was designed and set up. Chua et al [34] present a review
of recent innovative cooling technology and strategies that could potentially lower the kW/R ton of
cooling systems—from the existing mean of 0.9 kW/R ton towards 0.6 kW/R ton or lower.
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Citespace software.

Studies on the cogeneration process in Mexico have been carried out mainly in industrial
areas [35–39]. Currently, despite the fact that the cogeneration process is considered an alternative to
efficient and non-polluting energy generation, there is little scientific literature on cogeneration studies
in buildings in Mexico, i.e., Fuentes-Cortes et al [40] presents a multi-objective optimization method for
designing cogeneration systems in residential complexes and accounting for the involved uncertainty.
The model accounts for satisfying the hot water and electric energy demands in a residential complex
while minimizing the total annual cost and the associated greenhouse gas emissions. A housing
complex in central Mexico is presented as a case study. Weber et al [41] compares the energy efficiency
of two processes covering the thermal energy demand of a swimming pool: a CHP unit on the one
hand, and a heat pump with internal combustion engine on the other. The energy losses for the CHP
unit on-site are equivalent to half the losses caused by extraction and distribution of natural gas under
current circumstances in Mexico.

Problem Statement

The problem is to determine the optimal configuration of a cogeneration system for a building.
This configuration must meet the energy demands (electric and thermal), considering factors such as:
operation scheme, size and type co-generator (turbine or combustion engine), capacity of an auxiliary
thermal system (boiler) and energy purchase-sale scheme with the local company’s grid, along with
minimizing the total annual energy cost and greenhouse gas (GHG) emissions associated with the
consumption of fuels in the process. In this research, the thermal load required by the building’s
facilities is much higher than the electric load, so to be able to comply with this, the electric energy
produced will be divided into only what is absolutely necessary for the building, as well as for the sale
to the electricity distribution company or sale to a private supplier under the current framework of the
law in Mexico (since January 2015).
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This research arises from recognition of the importance of the cogeneration process in Mexico.
Therefore, it seeks to collect information from the analysis of the energy cogeneration system design
applied to a housing building, using the computer tool Thermoflex 25 by Thermoflow© (Thermoflow
Inc., Jacksonville, FL, USA).

The study contributes to the development of cogeneration in residential applications in warm and
not so extreme climates. The study shows how to evaluate a cogeneration plant in a poorly-developed
application in Mexico, because in the world, mainly in inhabited areas with colder and more extreme
climates, cogeneration applications in apartment buildings are evaluated from a technical and economic
point of view, and are very attractive for implementation. But in warmer regions such as Mexico City,
this is not the case, since the need for hot and cold air are not as extensive as in cities on more northern
latitudes. Hence, it is crucial to determine which cogeneration applications can be economically
attractive, determining the values of economic variables and their prices-costs, in apartment buildings.

Knowing the technical, economic, and technological elements that help make cogeneration
attractive for investment helps local regulators and governments design strategies for regulations,
norms, and supports its development, accurately locating where and what type of support is required,
given that these studies show where technical, economic, and even environmental variables are most
sensitive, to give attractive results to investors or apartment owners to build and operate the plants.

This in turn favors the technological development of the equipment used by diversifying its
applications and generating more market for the commercialization of equipment and services, which,
in the long run, lowers costs and helps to increase the benefits of the projects, and also contributes to
helping the emission reduction goals to be achieved on the regional, nation, and global scales by having
more efficient energy sectors, supported by the contribution that cogeneration can make in applications
for housing in countries and regions with warmer climates and not so extreme. And in particular
for Mexico, it can also help accelerate the results of government programs for the development of
cogeneration and exploitation of cogeneration potential, which has been sought after and promoted
in Mexico since 1994, and has not yielded the desired results. This type of study and its results
can contribute to providing certainty that cogeneration projects can be successfully evaluated and
carried out.

2. Materials and Methods

In the first stage, the current legal framework for cogeneration in Mexico is thoroughly reviewed.
This is quite important, as some conceptual design considerations of the cogeneration plant will come
from this framework. Some of these considerations are the marketing and sale of the electric surplus,
the availability and fees that pertain to the type of fuel as well as tax incentives and aid in fee payments,
along with everything related to permits and procedures to follow for the implementation of the
project, which will be reflected, firstly, as costs and economic savings in the initial stage of the project.
Moreover, the available technical information on the property is collected in order to characterize
the demand and consumption of the building’s known average electrical and thermal energy; later,
the thermal energy requirements are determined by estimating the demand and consumption of the
building, based on the type of apartments, the number of people who could live in them, geographical
conditions of the site and usage and customary habits of the potential tenants, keeping in mind
the recommendations made by American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE), equipment manufacturers and developers of this type of project. In this study,
the Thermoflow© software was used, which allows the estimation of the operating conditions based on
the building’s energy requirements. Therefore, in order to carry out the Thermoflow© modeling of the
building’s cogeneration process, it is necessary to know the physical characteristics of the apartments
and buildings, the number of users, energy consumption habits, environmental conditions, type of
fuel available and current energy regulations. Then, using Thermoflex 25 software by Thermoflow©,
two processes are proposed that comply with the building’s thermal and electrical requirements.
Finally, a feasibility and viability analysis of both proposed processes is carried out.
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For the economic analysis, the value of money over time is considered, and it is necessary to
define the discount rate. It is common to improperly use the interest rate paid for the debt as a discount
rate, instead of a higher value that considers the opportunity cost for the investor; this is called the
‘Minimum Attractive Rate of Return’ (TREMA) or ‘cost of capital’. This rate can be calculated as the
rate that would be earned in an investment without risk (for example, Libor or CETES in Mexico),
plus a premium that defines the risk level of the project. This methodology is typical for assessing
projects feasibility [19,35].

2.1. Cogeneration Processes Simulation

Processes simulation in engineering is the digital representation of a set of unit operations, which
allows determining process variables (flow, temperature, pressure, energy and power) through the use
of computational tools. It also makes it possible to study existing processes in a faster, more economic
and thorough way than in a real plant. The simulation of the cogeneration process was carried out in
this research using the Thermoflex 25© software from Thermoflow©, applied to a residential building.
This program has been mainly used in cogeneration processes in industry [42–46]. In the Thermoflex
simulation of this work, the planned cogeneration plant will simultaneous produce of electrical and
thermal energy. Its production capacity will be designed to cover the entire thermal demand. Thus,
this will make the electrical generation greater than the actual demand of the apartment building;
therefore, the level of electric surplus and its possible economic income, benefiting the project due to
its sale, must be determined. The plant will run uninterrupted 24 h a day, 365 days a year at 100%
production capacity on-site and with the plant factor calculated for the proposed installation based
on the equipment and the best operating practices. Moreover, in order to cover the scheduled and
possible non-scheduled stoppages, the current fee structure provides for contracting an electrical
backup service in the public network, with its corresponding cost which will be integrated into the
operational cost of the cogeneration plant and into the economic evaluation of the project.

The simulations allow us to determine the performance of the cycle with different sizes of gas
turbine and combustion engines. Both technologies are the most used in the cogeneration process.
The gas turbine and the combustion engine chosen for the final analysis of the cycle differed mainly in
the parameters, i.e., gross power, CHP efficiency, air stream, fuel stream, emissions of CO2 and fuel
consumption. These parameters have been evaluated using Thermoflex 25© software, as given by the
equations described above.

The theoretical foundations of these simulations are based on thermodynamics and heat transfer.
Mainly, energy and mass balances are considered in system flow. For the calculation of thermal energy
fluxes in the non-phase-changing fluid, the sensible heat equation is considered [47]:

E = FC·∆T, (1)

where F is the mass flow (kg/s), C is the specific heat (kJ/kg·◦C), ∆T is the temperature change of the
fluid (◦C) and E is the energy flow that absorbs or dissipates the fluid (kW). The determination of the
energy flows is made based on the maximum requirement possible by all of the users, whereas for the
calculation of the thermal energy flows in which the fluid changes phase, the latent heat, along with
the sensible heat equation [47], are used:

ECF = F·C·∆T + ∆H, (2)

where ∆H is the latent heat of the fluids (kW) and ECF is the energy flow that absorbs or dissipates the
fluid considering the phase change (kW). The determination of the energy flows is made based on the
maximum requirement possible by all of the users. Furthermore, to determine the energy content of a
flow, the following equation is considered valid:

H = F·h, (3)
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where h is the specific enthalpy (kJ/kg) and H is the energy content (kW) of the flow. On the other
hand, the following relationship is used to determine the power of a unit present in the cogeneration
process:

.
W = F·∆h, (4)

where ∆h is the enthalpy change of the fluid (kW) and is the power of the equipment (kW). Furthermore,
the equation for determining pump power (

.
W) is derived from the mechanical energy balance:

.
W =

F·∆P
ρ

, (5)

where ∆P is the pressure change (Pa) and ρ is the density (kg/m3). Equation (6) represents the energy
balance of heat exchangers:

.
QHE = FH·∆hH = −FC·∆hC, (6)

where ∆hH is the specific enthalpy change of hot fluid (kJ/kg), ∆hC is the specific enthalpy change of
cold fluid (kJ/kg), FH is the mass flow of hot fluid (kg/s), FC is the mass flow of cold fluid (kg/s) and

.
QHE is the heat flow (kJ/s) transferred from the hot fluid to the cold fluid.

Other important energetic variables in the cogeneration cycles are energy intensity (kW/kg),
which relates the amount of energy required to produce a mass unit of product, the Q/E ratio that
specifies the ratio of the thermal and electrical energy needed to cover the requirements of the building
and the efficiency of the cycle that indicates the relation between the energy demanded and the energy
required by the cogeneration system.

The cogeneration is a process that is generates two products (thermal energy and electricity).
The typical parameters used to determine the performance of a cogeneration plant are [48–50]: electrical
efficiency (Equation (7)), thermal efficiency (Equation (8)) and total efficiency (Equation (9)).

ηe =
Qe

Q f
(7)

ηh =
Qh
Q f

(8)

ηtot =
Qh + Qe

Q f
(9)

where Qe (kWh) is the gross generation of electricity, Qh (kWh) is the net generation of heat Qf (kWh)
is the fuel used.

In the Thermoflow software, the plant model is built from the inside out. The users construct
the subsystems from their basic elements. Then, the overall scheme emerges from the interconnected
subsystems. Finally, the lowest level decisions are made, such as the fine details within the various
subsystems. The structural approach automatically considers all interactions between subsystems.
It also allows many lower lever inputs to be logically generated by the program, depending upon the
user’s higher level selection. At any level, however, the user is free to alter any or all of the program’s
automatic selections.

2.2. Case Study

In this research, the design of a cogeneration system for a building was analyzed. The building
has electrical and thermal energy requirements (hot water and steam) in its apartments, pool and event
hall. The building is located in a high-income area (Polanco) in Mexico City, so the occupants of the
property have a high socioeconomic status. They are “L” shaped towers (see Figure 5); towers A and B
have 19 and 14 floors, respectively. Their total height is approximately 52 m. There are 5 basement
levels with a total of 528 parking lots, 233 cellars and an engine room. On the ground floor there
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are administrative offices, rooms with electric and gas meters, a gymnasium, entertainment rooms,
an indoor pool and green areas.
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Medina et al. [51] describe the detail of the building’s infrastructure. The building’s apartments
were still under construction at the time of the elaboration of this study; therefore, the electric
consumption, the thermal demand and its consumption were estimated according to the average
demand and consumption practices in apartments. The building has 233 apartments which are
distinguished by the surface, number of people and number of showers (see Table 1).

Table 1. Number of apartments according to surface (m2), number of people and showers [51].

Items Amount Amount Amount

Surface (m2) <75 105–120 130–182
Apartments (n◦) 60 88 85

People (n◦) 2 4 5
Apartments (n◦) 60 155 18

Showers (n◦) 1 2 3
Apartments (n◦) 60 93 80

By studying the energy conditions of the building, it was determined that it is necessary to supply
it with thermal energy by way of steam and hot water, electric energy and cold and hot air thermal
energy; therefore, throughout the day, users will have, at their disposal: Hot water service in the
showers and swimming pool, and hot and cold air conditioning, all of which improve their comfort
inside the property. In this case, the cogeneration plant will be able to sell surplus electrical energy,
with additional benefits such as those provided by green certificates. The thermal demand is estimated
according to the frequency of use given to the facilities (see Figure 6). It was considered that users
would take showers mainly in the morning and a small fraction of them at night. This is the reason for
the maximum values detected. It is important to highlight that a fraction of those who bathe in the
morning during the summer will do so at night during the winter. On the other hand, the pool will be
active 24 h a day, the kitchen sink will be used in the middle of the day and a rarely at night, and the
washing machine will be used in the morning and evening. Finally, the trend in air conditioning usage
has been estimated for both summer and winter.

Table 2 shows the thermal energy demand annual. Based on the lifestyles of the building users,
a sharp decrease is shown during the following periods: the last week of March and the first week of
April, as well as the three first weeks of August. This represents the holiday period, which is in line
with the owners’ standard of living, since they leave their apartments during these periods. Guelpa et
al [52] examined the effects on the total load that can be obtained by adopting management strategies
such as variation in the thermal request profile of the buildings or installation of local storage systems.
Results show that even in the case only small changes being applied, reductions in annual primary
energy consumption up to 0.4% can be obtained without any additional investment cost.
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Table 2. Percentage of thermal demand of building.

Places of Energy Consumption Winter (%) Summer (%)

Shower 5.33 7.67
Bathroom sink 0.33 0.05
Kitchen sink 0.21 0.30

Washing machine 0.44 0.82
Swimming pools 6.21 7.61

Hot air 86.39 2.11
Cold air 1.40 81.45

Figure 7 shows the building’s thermal hot and cold-water requirements, as well as cold air. This
simulation was carried out with the Thermoflow© software which solves the mass and energy flows in
detail. A summary of the most important energy requirements for the process is shown in Table 3.

Table 3. Energy requirements of the system.

Requirement Value Unit

Hot water flow (swimming pool) 3.16 kg/s
Energy for the swimming pool 52.06 kW
Hot water flow (Showers, washing machine, kitchen and bathroom sink 34.40 kg/s
Energy for showers, washing machine, kitchen and bathroom sink 5033 kW
Hot water flow 32.33 kg/s
Hot air energy 426 kW
Cold air flow 28.40 kg/s
Cold air energy 1116 kW

The installed load of the building, based on the information reported by Medina et al. [51], is:
contacts 35%, pumps 25%, lift force 14%, air force 14%, lighting common services 6%, parking lighting
3% and others 3%. It is observed that electricity is consumed mainly in plugs, pumps and elevators.
This coincides with reported by Ali [8]; described in the introduction.

In an average day, there are two periods of greater electricity consumption (7:00–9:00 h and
19:00–21:00 h), which do not come close to the installed load or the maximum possible consumption of
electricity, i.e., in the case that the building’s entire electrical installation is working. On the other hand,
Figure 8 shows that the electrical demand is between 19 and 62% of the installed load. The estimation
of the annual electrical requirements was calculated based on the users’ behavior with regards to their
permanency in the building during the year.
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Figure 8. Percentage of annual electrical requirement for building users.

3. Results and Discussions

Energy efficiency should be understood as the intelligent use of energy, and not only as a decrease in
energy consumption. That is to say, in the case of a building, residents should perform their activities
using energy only at the time that it is absolutely necessary, without affecting their comfort and well-being.
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In a cogeneration project, it is necessary to know the industrial context in which the process will
be installed. Other authors [53–56] have also considered this prior information, i.e., to know in advance
whether it is a manufacturing industry or a commercial building or a public building and establish
the type of fuel to be used. Then, it is necessary to have the electrical requirements clearly quantified
in order to define the electric demand profile of the process. On the other hand, it is necessary to
establish the thermal requirements, i.e., hot water for showers, bathroom and kitchen sinks, or any
other industrial use, as cold and/or hot water for air conditioning, water vapor for higher thermal
requirements, such as large swimming pools. Once the above is defined, the electricity and natural gas
fees for the central region of the country must be considered in the project, which in this case means
using the current rates in Mexico City. Finally, it is also important to be informed of the environmental
norms and regulations, techniques and the legal framework that will affect the decisions made during
the project.

3.1. Choices of Cogeneration Systems

In this research two design process proposals were made: alternative A, which is based on
combustion engines (EC process), and alternative B, which uses a gas turbine (GT process). Both comply
with the basic conceptual model of a cogeneration plant, which is detailed in Figure 9.
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Figure 9. General scheme of the cogeneration system for the building under study.

Figure 9 shows that an internal combustion engine or a gas turbine will produce electricity and
feed hot gas/air to the heat recovery steam generator (HRSG) in order to generate steam and hot
water necessary for the pool, showers, toilets, washing machines, sinks and air conditioning systems.
The generation of electricity will be distributed by a board to a system against fire, air conditioning,
electrical system, auxiliary and substations, among others. The HRSG system will provide water at
133 and 99 ◦C. For the generation of cold air, a chiller of at least 300 tons of refrigeration is used. For
both hot air and cold air, fan and coils are used as an air conditioning system. Once the water flow has
passed through the corresponding stage, condensate recovery is performed.

The system will be installed in the basement to avoid interfering with the facilities at the top
of the building. This will make the distribution of the thermal resource via variable speed pumps
or hydropneumatics systems, to avoid the tanks in the highest part of the building. Regarding the
electrical part, the system will be coupled to the current electrical connection, in order to connect the
electric backup service in the public network. By means of a general board, the electrical load will be
distributed to the different devices and substations that feed the building.

In both processes studied, compliance with 100% of the thermal and electrical requirements are
achieved. The scheme (Figure 10) is divided into five sub-processes: I. Combustion engines or gas
turbine and recovery boiler, II. Swimming pools, III. Showers IV. Hot air and V. cold air.

First, in the “Combustion Engine” stage of CE process where engines WAR 20V34SG (Wärtsilä
North America Inc., Houston, TX, USA) and CAT G16CM34 (Caterpillar company, Deerfield, IL, USA)
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(CH4 fuel) were used to produce the necessary hot air sent to the HRSG. A cooling sub-process called
“Refrigeration of engine system” was required to lower the heat of the engine due to the burning
of fuel, without transforming into mechanical energy. Thus, this keeps the engine parts below their
design temperature and avoids their deformation and destruction. In addition, part of the cooling heat
is used to obtain a fraction of the necessary heat for the showers. The WAR 20V34SG engine has an
electric efficiency of 45% and the output air flow temperature is 361 ◦C. The CAT G16CM34 engine has
an electrical efficiency of 42.3%, and the output air flow temperature is 368 ◦C. Moreover, for proper
operation at 100% capacity, 0.694 kg/s of fuel is required, thus generating 26.69 kg/s of air at 363.7 ◦C,
which is necessary for the recovery boiler.

On the other hand, in GT process, the SIEMENS SGT-100-1S (Siemens Aktiengesellschaft, Munich,
Germany) (CH4 fuel) turbine was used to produce the necessary hot air which is sent to the recovery
boiler (HRSG). Here, a post-combustion sub-process was required to increase the temperature of the
exhaust gases, instead of using a higher capacity turbine, making the process more expensive.

For alternative A and B, in the “HRSG” and “Condensate return” steps, the sub-process consists
of an evaporator (6; lower area Figure 10) and two economizers (7 and 8; lower-right area Figure 10),
where the evaporator allows the saturated steam to be obtained and feed the thermal energy to the
“swimming pool” and the “showers”, while the economizer (7) generates the hot water for the stages
of “hot air and “cold air”. The exhaust gases from the economizer (8) must be greater than 100 ◦C to
avoid the condensation of the water present in chimney flue gases. Finally, there is the “condensate
return” stage which allows the mixing of the water-cooling flows in the different stages of the process,
incorporating this flow to the economizer 7. The “swimming pool” stage is observed, in which a heat
exchanger is used to contact, countercurrent wise, the saturated steam coming from the evaporator,
with a flow of 3.64 kg/s of recirculated water from the pool (Process block with return 14). In the
“showers” stage, hot water is used in the apartment’s showers, washing machines, as well as bathroom
and kitchen sinks. A heat exchanger (21; center-left area Figure 10) is used to obtain the hot water
which is fed with saturated steam from the evaporator of the recovery boiler to achieve the hot water
flow required for the building at 60 ◦C. Each process shaft (13, 18, 22, 41, 42) represents the hot water
requirement for a section of the building, according to the number of people living in an apartment.
The “hot air” stage is shown, which meets the needs of hot air by using a heat exchanger, where the
hot water flow from the recovery boiler comes into contact, countercurrent wise, with the air that heats
up from room temperature conditions on to 23 ◦C. Flows are separated per building and thereafter,
the processes (30, 54, 56, 57 and 92) are distinguished according to living/dining room volume of
<80 m3 and between 80 and 144 m3. Moreover, the hot air requirements of the building’s entrance hall
are included. In the “cold air” stage, the cold air is generated with the intervention of an absorption
chiller (32; center-right area Figure 10), where hot water from the recovery boiler enters. This allows a
flow of cooling water to be obtained and which comes in contact with the hot ambient air, cooling it
down to 23 ◦C. The cold air is separated by buildings and also according to the cooling tons required
by the apartment, in the living-dining room area. It is important to emphasize that fans appear in each
flow representing the electric consumption by the air conditioning system, either for hot or cold air.
Moreover, tag 42, which indicates the cooled water flow in exchanger 28 (“Hot air” stage; center area
Figure 10), is returned to be mixed with the chiller outlet flow.

The main results of each process are reported in Table 4, where it can be observed that the
GT process exceeds, in at least 13 aspects, the CE Process. For example, it has a CHP efficiency of
24.3%, consumes 40.9% less fuel, which translates into the same percentage of lower CO2 emissions,
the heat ratio for each kWh of electricity is 44.4% higher, the auxiliary energy consumption is 33%
of the EC process and the water consumption is 8% lower. Therefore, the installation of the GT
Process is proposed in order to comply with the energy requirements of the building. Onovwiona and
Ugursal [25] reported that gas turbines offer a number of advantages when compared to reciprocating
internal combustion based cogeneration systems. These include compact size, low weight, small
number of moving parts and lower noise. In addition, gas turbine-based cogeneration systems have
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high-grade waste heat, low maintenance requirements (but require skilled personnel), low vibration
and short delivery time. However, in the lower power ranges, reciprocating internal combustion
engines have higher efficiency.
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3.2. GT Process

Figure 10 shows the simulation model of the cogeneration process using a gas turbine as the
energy matrix. With this system, it is possible to comply with 100% of the thermal and electrical
requirements. The results of the proposed GT process for the building are analyzed in detail below.
First, the “Gas Turbine” section is explained. The gas turbine is a Siemens SGT-100-1S model with
30.6% efficiency, 4907 kWe (at sea level) electric power generation and gas production at 514 ◦C, which
is sent to a post-combustion sub-process to raise its temperature to 650 ◦C. The air fed to the turbine is
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at an ambient temperature pressure of 0.765 bar (altitude 2308 m) and at an average temperature of the
sector of 17.2 ◦C. Thus, due to these air conditions, the gross electric power generated is 3475 kW.

Table 4. Main results of the GT and EC Process.

Property Unit GT CE

Gross power kW 3475 15258
Net power kW 3420 15090
Total auxiliares kW 55.41 167.6
Net process heat output kW 8533 8517
CHP efficiency % 84.44 67.92
Net heat rate (LHV) kJ/kWh 14901 8291
Net electric efficiency (LHV) % 24.16 43.42
Air stream N◦ 29 31
Water stream N◦ 53 68
Fuel stream N◦ 3 2
Cycle heat imbalance % 0.0002 0.0011
Cycle mass imbalance % 0 0
Water consumption kg/s 3.66 3.97
Water discharge kg/s 1.73 1.65
Emissions of CO2 tonne/year 22626 55554
Fuel consumption kg/s 0.283 0.694

3.2.1. Ambient Temperature Effect

Figure 11 shows the ambient temperature effect on the generation of electrical power and on
the efficiency of cogeneration, where the minimum and maximum temperatures of the sector under
study were considered. It was observed that in this range, the generation of power varies by 16.8%,
while the cogeneration efficiency varies by 7.8%. The latter would indicate that the process is minimal
affected by temperature changes in the sector. Basrawi et al [57] researched the effect of the inlet
air temperature on the performance of a micro gas turbine (MGT) with cogeneration system (CGS)
arrangement. The results showed that when ambient temperature increased, electrical efficiency of the
MGT decreased but exhaust heat recovery increased.Processes 2017, 5, x FOR PEER REVIEW  16 of 25 
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Figure 11. Variation of the gross generation of electrical power and the cogeneration efficiency
according to the ambient temperature.

The sensitivity for the variation of the heat rate of the system in the function of the variation of the
ambient temperature was analyzed (see Figure 12) as the base value for the analysis of 14901 kJ/kWh
electrics. Therefore, the expected result (heat rate) for different environmental conditions of year is
observed in Figure 12.
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obtained from Thermoflow.

3.2.2. Fuel Effect

The Siemens SGT-100-1S turbine uses 0.24 kg/s of natural gas at 25 ◦C and 31 bar, obtaining the
results reported in this work, but, moreover, the analysis was performed for different types of fuels.
The composition of these gases is reported in Table 5, where the variability of the compounds present
in the fuels is observed, so the contrast between the cogeneration efficiency and the gross generation of
the electrical power was carried out (see Figure 13). It was then observed that Syngas allows a greater
generation of gross electrical power, but with a low cogeneration efficiency compared to that obtained
with the other fuels. This behavior of the GT process with Syngas is due to the high concentration of CO
and CO2, which gives this fuel a greater heat reaction. In addition, the installation requires a gasifier;
thus, the proposal is intended to serve as an example. Figure 13 shows a linear trend with a negative
slope (R2: 0.981) between the cogeneration efficiency and the gross power generated. Hence, the higher
the cogeneration efficiency, the lower the power generated for the different fuels. With Syngas as fuel,
more electricity is generated, so it should be chosen according to an economic criterion. However,
60166 ton/year of CO2 is emitted by using it, which goes against the environmental principles of the
cogeneration process.

Table 5. Composition of gases tested in the GT process.

Molecule

Combustible
Metane

Natural
Gas (with

H2S)

Natural
Gas (no

H2S)

Coke
Oven
Gas

Digester
gas Erdgas Landfill

Gas
Syngas

CH4 100 87.00 87.00 33.9 62 97.65 63.5 5
H2 0 0.36 0.36 47.9 0 0.00 2.5 30
O2 0 0.07 0.07 0.6 0 0.00 0.0 0
N2 0 3.61 3.65 3.7 2 0.86 0.0 5
CO 0 0.09 0.09 6.1 0 0.00 0.0 35
CO2 0 0.34 0.34 2.6 36 0.08 33.0 25
C2H6 0 8.46 8.46 0.0 0 0.97 0.0 0
C2H4 0 0.03 0.03 5.2 0 0.00 0.0 0
C3H8 0 0.00 0.00 0.0 0 0.03 0.0 0
C4H10 0 0.00 0.00 0.0 0 0.11 0.0 0
C5H12 0 0.00 0.00 0.0 0 0.02 0.0 0
C6H14 0 0.00 0.00 0.0 0 0.01 0.0 0

H2S 0 0.04 0.00 0.0 0 0.00 0.0 0
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Figure 14 shows that the CO2 emission is higher for lower cogeneration efficiency with regards
to the different types of fuels. It should be highlighted that the CO2 fuel emissions of renewable
sources are considered neutral. This coincides with the report by Joelsson [27] which was described in
the introduction.
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The decrease in the cogeneration efficiency is due to the loss of useful energy that is reflected in
the temperature of the gas outlet that leads to the chimney. As shown in Figure 15, there is a linear
correlation (R2: 0.99997) between the cogeneration efficiency and the temperature of the HRSG gas
outlet. The efficiency of the cogeneration cycle is 84.4%, which is an expected value for this type
of system, and therefore, is a value superior to the efficiency of a steam power cycle. In this case,
the efficiency is greater in at least 44 percentage points. The energy used in auxiliary devices for the
operation of the cycle corresponds to 1.6% of the gross energy generated, which can be considered a
very acceptable value. On the other hand, the error percentages of the heat and mass balances show a
very good simulation of the calculations obtained. Finally, the electric power generated is 3.48 MW,
which greatly surpasses what is required by the building, i.e., 1.12 MW. This implies that the 2.36 MW
surpluses can be commercialized according to the country’s legal framework (active as of January
2015). However, the easiest option would be to sell them to the electricity company in Mexico City.
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3.2.3. Load Effect

The analysis of the system was performed in case of a variation in the turbine load, decreasing
from 100 to 30%, which complies with the building’s thermal requirements, as summarized in Figure 16.
Here, it can be observed that by lowering the turbine load, the fuel flow towards it decreases to 50%,
while up to 141% more fuel is required in the afterburning, although the total fuel flow decreases
by 19%, following the same trend as the CO2 emissions. On the other hand, the temperature of the
chimney flue gases decreases by 6.6%, reaching 95.6 ◦C, which implies that the water vapor present
in them does not condense because the atmospheric pressure in the area is 0.7648 bar. Furthermore,
the cogeneration efficiency decreases to 1.88%. Finally, the net power decreased to 1.01 MW, and
this value is 9.8% less than the total load of the building. However, it must be considered that it is
unlikely that 100% of the load will be used at a given time. In other words, with the proposed process,
the thermal and electrical limit requirements can be met.

For cogeneration applications, the heat to power ratio of the engine is critical. Onovwiona and
Ugursal [25] reported that the percentage of fuel energy input used in producing mechanical work,
which results in electrical generation, remains fairly constant until 75% of full load, and thereafter
starts decreasing. This means that more fuel is required per kWh of electricity produced at lower
partial loadings, thereby leading to decreased efficiency.
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3.2.4. Economic Analysis

Based on the building’s energy study, the economic expenditure on electric energy, by the
building’s users, was determined (see Figure 17). It is important to highlight that the Mexican electric
fee to be used for the calculation is the HM Central zone, where the cost of electricity depends on the
time of use, seasonality and geographical area. Figure 17 shows that the highest economic expenditure
on electricity consumption occurs in January because the winter rate increases with respect to the
summer rate. The annual expenditure on electricity consumption then is US$ 29527.Processes 2017, 5, x FOR PEER REVIEW  20 of 25 
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Figure 17. Monthly electricity expenses (US$) for the building.

On the other hand, the mean economic expenditure on apartment thermal energy was determined
to be US$9471, annually, where the winter months showed greater spending on thermal energy
(Figure 18). Moreover, there is the initial investment of the project which mainly considers the purchase
of equipment (see Table 6). The largest investment in this cogeneration process is the acquisition of the
Gas Turbine, which makes up 87.2% of equipment expenses.

Then, for the economic analysis of the process, the following annual costs are considered (Table 7):
Energy of the conventional process and cogeneration, operation and maintenance of the conventional
process and cogeneration, and investment in the cogeneration process. The values were compiled
from quotations or estimates and information from similar projects. Considering the values in Table 7,
the capital or investment recovery will be based on the savings in the consumption of electric and
thermal energy, as well as the sale of electric power to the central electricity network, under the prices
determined by the market.
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Table 6. Summary of the costs associated to the initial investment of the cogeneration process.

Equipment Cost (US$)

Turbine Gas Model: Siemens SGT-100-1S 3,100,000
7 Centrifugal pumps 17,000

Absorption chiller 292,000
7 Heat exchangers 105,000

Auxiliary equipment 9000
Equipment import charges 20,000

Hand labor 7500
Equipment maintenance 10,000

Process administrator 7200
Miscellaneous 5000

Total 3,555,500

Table 7. Costs considered in the economic analysis.

Ítem Cost (US$)

O&M Fixed 40,800

Conventional Process

Energy/year 2,784,948
O&M/year 68,282

Cogeneration Process

* Energy/year 2,000,781
O&M/year 66,973
Investment 3,555,500

* The term Energy consider fuel expenses and electric energy sale.

A positive NPV is then produced in the seventh year of operation (see Figure 19) of the
cogeneration process, indicating that from that year on the cogeneration process will bring profits to
the building being studied. The project is attractive, and an investment recovery period of 7 years is
expected, with a natural gas price that does not exceed 0.014 dollars per kWh. However, it no longer is
considered attractive if this price is set at around 5 dollars or more. As the gas price refers to that of
South Texas (Henry Hub) or Ciudad Pemex to the south of Veracruz, Mexico, the final price is greatly
increased by the cost of transportation to Mexico City.
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4. Conclusions

The building’s highest energy consumption is in the generation of hot water because it is mainly
used in the swimming pool, showers and for the generation of hot and cold air (absorption chiller).

The cogeneration process based on a gas turbine gives better results in the main energy parameters
than a process running with combustion engines, i.e. higher cycle efficiency, a lower amount of flows,
lower water consumption, lower fuel consumption and therefore a lower amount of CO2 emissions.

It was observed that the ambient temperature (5 to 33 ◦C) affects with an increasing linear
tendency towards the efficiency of the cycle, increasing by 7%, while the generated gross power
decreases linearly by 13%. This is because the greater the ambient temperature, the greater the greater
enthalpy of the air necessary for the combustion inside the equipment. Such an effect can be visualized
in the energy balance system. It is important to highlight that the temperature at the outlet of the
chimney should be higher than 100 ◦C in order to avoid water condensation, along with corrosion of
the ducts.

The type of fuel affects the efficiency of the cycle and the power obtained. It is observed that the
use of syngas allows a lower cycle efficiency but, in turn, a higher gross power than for the rest of the
fuels, while methane shows the opposite trend. These results are due to the calorific power of each
compound, with that of Syngas being higher than the rest of the fuels. On the other hand, Syngas is
the one that emits the largest amount of CO2, while methane is the one that emits the least. Therefore,
the latter is the most environmentally friendly fuel.

By making a variation in the turbine load by decreasing it from 100 to 30%, it was observed that
when lowering the load on the turbine, the fuel flow towards the turbine decreases by 50%, while up
to 141% more fuel is required in post-combustion, and the total fuel flow decreases by 19%, following
the same trend of CO2 emissions.

The results of the technical simulation and the economic and financial evaluation demonstrate
that it is possible to take the industrial cogeneration process to the real estate industry; in this specific
case, the project is attractive and an investment recovery period of 7 years is expected, with a natural
gas price that does not exceed 0.014 dollars per kWh. However, it is not considered attractive any
longer if this price is set at around 5 dollars or more. As the gas price refers to that of South Texas
(Henry Hub) or Ciudad Pemex to the south of Veracruz, Mexico, the final price is greatly increased by
the cost of transportation to Mexico City.

In conclusion, it was shown that the cogeneration process of an apartment building in Polanco
area is technically feasible.
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