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1. Introduction

Abstract

The reduction of greenhouse gas emissions is a relevant challenge for a
sustainable development. Waste heat could be used to produce hot water
by using a recovery system. This article studies the availability of a
combined heat and power systems (CHP) in extreme area (Antarctic)
through the integration of a waste heat recovery system with a diesel
generator to produce hot water. The reliability and availability principles
are incorporated to explore how the profile of hot water consumption
and the hot water storage tank size affect system availability. Different
combined heat and power systems are thus classified, and their
availability indexes modelled by adopting the continuous Markov
approach and the state space model. The results indicate that the CHP
systems availability is strongly influenced by the daily hot water demand
profile. As a useful recommendation, one of the considerations for
increasing availability, reducing costs and greenhouse gas emissions
with the CHP system is to include a hot water tank in the analysis.

Keywords
reliability, availability, waste heat recovery, combined heat and power

Although fossil fuels will remain the primary source of energy
for drinking water, heating, lighting, and electricity in
Antarctica for years to come, it is necessary to look for new
ways to reduce our dependence on them. Due to their versatility
to produce electricity, diesel generators are widely used in rural
and isolated locations, such as Antarctic bases. However,
several losses are produced by the engine exhaust gases, the
cooling system and the heat conducted though the engine from
combustion chamber to the surrounding environment [15].

Conklin and Szybist [7] reported that only 10.4% of fuel
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consumed is converted into useful work.

Recovering part of the wasted heat to produce heat for
industrial or domestic applications could increase efficiency up
to 80% [16]. The generation of two different forms of useful
energy, typically mechanical and thermal energy, from a single
primary energy source is called cogeneration [9].

The interest of retrofitted engine-based cogeneration
systems has been demonstrated to develop small cogeneration
system in previous research works. For example, the
of an internal combustion

performance engine-based
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cogeneration system for residential application was assessed by
[2, 3]. They used primary energy, electricity consumption,
associated greenhouse gas emissions and tolerable capital cost
as indicators to evaluate cogeneration system architecture with
thermal storage in "typical" single-storey houses located in five
cities representing the main climatic regions of Canada.

The exhaust gas is used to produce hot water in a heat
exchanger or heat recovery system. In case of failure of the
generator, the whole cogeneration system is fully shut down
since the hot water generation performance is dependent on the
generator set availability. A reduction in availability can be
caused by unplanned maintenance actions. In particular, the
global performance of energy recovery systems for Diesel
engines has been studied from a technical and economic
perspective [6, 24, 27]. A recent critical review of the
performance studies of waste heat recovery can be found in
[10]. However, to the best of our knowledge, there are no studies
evaluating the effects of different components on the
availability of these systems. The calculation of the availability
of a cogeneration system indicates the probability of operating
in a specific period, where a satisfactory operation corresponds
to the generation of electricity and heat during this defined
period. The availability estimation is mainly based on the
system reliability modelling, that indicates the probability that
the system will perform its function adequately for a given
period or that it will operate in a defined environment without
failure. The mix of reliability and availability analysis plays
a fundamental role in technical and economic feasibility studies
by providing the operating time service of the system, which
impacts the operational costs and the optimal maintenance
schedule of these systems. Therefore, the performance of
cogeneration system should consider availability to optimally
estimate the electrical and thermal size of a particular
installation. Due to complicated physical interactions between
different subsystems that form a cogeneration system, reliability
of whole system should be addresses in a modular and
integrated approach, allowing the system availability estimation
to develop the assessment of cogeneration systems [25].

In terms of reliability, Haghifam and Manbachi [14]
classified the different subsystems of a cogeneration system and
modeled their reliability, availability, and mean time failure

indices as a function of the interactions between generation site

and consumption demand [30]. These authors used a state space
model and a continuous Markov model but did not analyze the
behavior during an evaluation period or based on a given
demand; therefore, the cogeneration system could not be
evaluated from a technical and economic point of view. Jiang et
al. [17] used a combined cooling, heating and power (CCHP)
system to evaluate the reliability of different components,
highlighting their maintenance time and then assessing the
maintenance cost. They also used the Markov model but did not
evaluate the availability of the demand supply system and how
it evolved in a specific period of time. The redundancy has been
analyzed by same authors showing that this strategy can reduce
total cost and improve the availability of a CCHP [18].

Some authors have carried out a sensitivity analysis for shell
and tube heat exchangers [4, 23], for which they designed the
devices for heat recovery, but did not evaluate the performance
of these devices with exhaust gases and the availability that
could be generated with them.

Reliability theory and applications have a great impact on
the decision-making process in different fields. In the energy
field, the analysis of operational reliability and maintainability
is important when evaluating the availability of operative plant
conditions [12, 21]. Reliability theory, from a life cycle
perspective, offers important support for studying and
generating proposals for the improvement of industrial plants
[29]. Specifically, with respect to energy equipment and
relevant processes, opportunities related to the design are
a relevant success factor [11], and reliability assessment is
crucial in performance evaluation as it involves technical and
cost parameters [19]. Some experiences and methodologies for
evaluating the reliability of power systems, especially for
renewable energy sources (RES), are presented in [13].

The originality of the paper is to integrate the concept of
reliability and availability for the dynamic study of thermal
systems for heating and domestic hot water needs in a fragile
and isolated environment. The goal is to study the influence of
storage sizes and domestic hot water profiles on the dynamic
and global availability of energy systems in order to propose
efficient, reliable, cost-effective and low-emission solutions.

The analysis of availability with a dynamic approach,
considers the modeling of a system with the aim of including all

possible scenarios and thus incorporate realism and randomness
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in the modeled production processes. This analysis helps to
solve the trade-off of working with expected indicators of
availability. Its great utility has been demonstrated in shared
loading systems, transport and distribution systems [22].

The remainder of the manuscript describes the methodology
used for reliability, availability, and energy modelling in Sect.
2. Sect. 3 details the Chilean Antarctic base case study and the
corresponding results are shown and discussed in Sect. 4.

Finally, some conclusions are given in Sect. 5.

R

chp

2. Methodology

For the reliability modelling of combined heat and power
systems, electricity-generation, fuel-delivery, and heat-
generation subsystems, as well as the water-delivery network to
the CHP and the hot-water-delivery network to the consumer,

constitute the set of subsystems considered.

R, [ Rf ]—’[ R, H R, ]J—’[ R, ]—P Consumption.

Figure 1. Simple model of the system to evaluate reliability of the cogeneration system to the final consumption point.

2.1. Cogeneration system reliability modelling

The cogeneration system is split into three subsystems that
are considered independently in the simulation process. Based
on this model, a scheme of the reliability network of the
cogeneration system to the consumption point is shown in Blad!
Nie mozna odnalez¢ zZrédla odwolania.. The three subsystems
are in series: the cold-water supply network (R,s), the
cogeneration system itself (R-yp) and the hot water reservoir
(Rpwr)- Mathematically, the reliability of the system is
described by equation (eq.1):

Rs = Rews * Renp * Rpwr (1)

The concept of reliability requires incorporating failure
probabilities and associated costs that depend on failure
rates, operation hours, number of equipment considered
with or without redundancy and failure conditions of the
power sources. Two important parameters are used for
reliability modelling: failure rate (1), which determines the
number of failures in a specific period of time, and repair
rate (1), which determines the frequency of repair in that
period. The reliability of each sub-system can be calculated
asR =u/(A+w.

In this way, the reliability of the cogeneration system (R;yp)
is modelled by the individual reliability of three subsystems,
that are also related in a serial configuration. These three
reliabilities concern the fuel supply system (Ry), the electricity
generation (R,) and the heat recovery system (Rjp). The

reliability of the cogeneration system is then expressed as:

_ Ue " U5 - Upn
4e + l—le)()‘f + #f)(ﬂh + pn)

This relationship represents the reliability of the

Reyp = Re - Re - Ry, (2)

cogeneration system when all three subsystems work correctly
but does not consider all the different operational states that may
exist. For example, sometimes the electrical generation
subsystem may not work properly, but the heat recovery
subsystem does work and can recover the waste heat produced
by the generator set. On the other hand, the heat recovery
subsystem could fail but the electricity generation subsystem
can work properly. The availability evaluates the reliability of
a cogeneration system that has multiple states. This index
allows to include all possible states in a cogeneration system
model. Therefore, in the next sections, a procedure to estimate

the availability index is described.
2.1.1. Cogeneration system availability modeling

The availability index represents the probability that the system
is in each operating state of the cogeneration system. To
calculate this index, the Markov Continuous Model based on the
State Space Model is used considering the conditional
probabilities of failure, repair, and preventive maintenance [14].
Markov-approach modeling can be used for continuous and
discrete systems when a system is stationary with identifiable
states and a lack of memory [5]. In a continuous Markov process

[26], the probability of repairable system failure remains
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constant in given time intervals. To demonstrate the continuous
Markov concepts, a state space diagram is applied to represent
system state changes. The operational probability of a single-
component system is equal to the sum of the probability of being
operative at time t and not failing at time &t + t, and of the
probability of failure at time t and being repaired at time dt.

A continuous Markov process is a stochastic process, that
takes values from the state space and satisfies the Markov
property, to determine the probabilities of each system state.
This stochastic process has the Markov property that the
conditional probability distribution of future states of the
process depends only on the current state. For better
understanding of system behavior, it is recommended to
determine indices such as availability and mean time to failure.
Availability is related to the frequency of non-failure states.
Based on the state space diagram, a frequency-balance
technique is used with the continuous Markov approach to

obtain reliability indices [5].
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Figure 2. State space diagram of the cogeneration system.

Subscripts e, f and h correspond to fuel supply, electricity
generation and heat recovery subsystems, respectively. A and p
are related to failure and repair rates.

Figure 2 shows four states for the cogeneration system,
based on the method used in [14]. When operating with the three
subsystems, fuel supply (Sy), electricity generation (S,) and heat
recovery (Sy), eight possible states can be considered, but four
of these are not useful for the required operational conditions,
so only four possible states are considered for this analysis.

Based on this reasoning, in the cogeneration system model
shown in Figure 2, the failure rates are expressed as: 4, when

the whole subsystem works and the fuel supply subsystem fails,

A, when the whole subsystem works and the heat recovery
subsystem fails, 4; when the electricity generation subsystem
fails after the heat recovery subsystem has failed, and finally, 4,
when the heat recovery subsystem fails after the power supply
subsystem has failed. Similarly, repair rates are expressed as: p4
when the fuel supply subsystem is repaired and the whole
subsystem works, u, when the heat recovery subsystem is
repaired and the whole subsystem works, y; when the electricity
generation subsystem is repaired but the heat recovery
subsystem still fails, and finally, p, when the heat recovery

subsystem is repaired but the power supply subsystem still fails.

State 5 State 6 State 7 State 8
St’ 0 s(‘ 0 Sﬂ Q
Sh 0 Sh & Sh 0

Figure 3. Irrelevant states.

On the other hand, when there is a failure in the S¢, the other
two subsystems (S, and S,) fail since they require the fuel to
operate. Therefore, the four states, shown in Figure 3, are not
relevant in the Markov Process. Indeed, they are unavailable
states in practice, which occurs when S fails and therefore all
subsystems fail.

Heat recovery availability (A4,) is determined by the
probability that the whole cogeneration system reaches state 1
and state 2. This can be obtained by using equation (eq.3).
Moreover, the availability (Ap) of electricity generation
subsystem is composed of probabilities for states 1 and 3, as can
be seen in equation (eq.4).

A, =P, + P, 3)
A, =P+ P; 4)

Two methods are used to obtain the probabilities of states 1,
2 and 3: the frequency balance approach and the stochastic
transitional probability matrix [5].

In the frequency balance approach, the expected frequency
of a system entering a state must be equal to the expected
frequency of exit from that state. The probabilities of each state
are determined by solving the frequency balance equation
system (equations (eq.5) to (eq.8)) and then applying equation
(eq.9).

PL-(M+A) =Py +P3- (5)
Py-(uy +A) =P A + Py (6)
Py-(up+A3) =P - A+ Py ps 7
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Pp-(us+ug) =P -Ag+Ps- A3+ Py A ®
PP+P,+P+P =1 9

By obtaining the reliability of the cogeneration system
(Rcup), and assuming that the reliabilities of cold water supply
network (R,,s) and hot water reservoir (Ry,,) tend to 100%,

the total reliability of the system (Rj) is equal to Rq-yp (see
equation (eq.1)).
2.1.2. Energy model

An energy model is used to estimate available thermal energy
from exhaust gases of the Diesel generator set. The available
heat is a function of electricity demand which controls the load
factor of generator and the fuel consumed. The availability
factor is considered 1 with a probability of P; and 0 with
a probability of 1 — P,. Although in an annual horizon the
expected availability respects this value, it is possible that at
specific intervals the availability is equal to 100% and at others
that the system is completely unavailable due to maintenance
activities. For this reason, availability is modeled with a random
variable over the analysis period, considering that its average is
the expected value. The fuel mass flow (7715) is calculated from
the operational data of the generators in equation (eq.10):
hy = (a-de+pB)-py
3600

where a and f correspond to correlation parameters that allow

(10)

to determine the volumetric flow of diesel fuel in L/h based on
electricity demand (de), and the fuel density of fuel (py).

Subsequently, the energy rate supplied by fuel (E'f), which
depends on the electricity demand, is obtained according to
equation (eq.11):

E; =ty LHV (11)
where LHYV is the lower heating value of fuel. The energy rate
loss from engine through exhaust gases (Q) is a fraction of the
energy rate of fuel Q. = Ef - ¢, where ¢ is the fraction of
energy lost through exhaust gases. Equation (eq.12) gives the
energy that should be recovered to increase water temperature
when it flows through recovery system.

Qr = 1ty oy (T, = T}) (12)

The useful energy recovered from exhausts gases depends

on the efficiency of the recovery systems (1,-) according to Q, =
Qexn - Nr- The total amount of water that the heat recovery
subsystem can supply at a specific time is estimated with

equation (eq.13):

e
(To - Ti) : Cp,w

This procedure is performed for each hour to account for the

My, = (13)

effect of the different hourly hot water consumption profiles on
hot water availability. If the hot water supply to the system is
not sufficient to meet the hot water demand in that period and
the system does not have a hot water reservoir, it is considered
as not available. If the system has a hot water reservoir, the latter
acts as a buffer [25]. It is therefore responsible for accumulating
the water that has not been used for a certain period of time or
for supplying water when the heat recovery subsystem cannot
provide all or part of it. The system availability and
unavailability are calculated based on the hours during which
the hot water service is not available, or the hot water demand
is not met. This indicator is evaluated hour by hour considering
the respective period duration.

To evaluate the environmental impact of the present system,
the reduction of CO, emissions is also performed by
considering the displacement of the oil consumed by the current
boiler. It is calculated by using the recovered heat to meet the
hourly hot water demand for each profile.

The innovation of this article is the application of the
proposed methodology to a Chilean Antarctic base study case
using Monte Carlo simulations, to evaluate the availability by
different daily hot water demand profiles and incorporate a hot
water tank in the analysis. As a main principle this methodology
considers the integration of a waste heat recovery system with a
diesel generator to produce hot water. The availability indexes
modelled by adopting the continuous Markov approach and the

state space model.
3. The case study: Chilean Antarctic base

In order to demonstrate the feasibility assessment methodology
previously described operational Diesel fuel consumption data
of the Base Presidente Eduardo Frei Montalva [8] is considered.
This Diesel fuel is used to provide electricity and thermal energy
consumed for heating and domestic hot water (DHW) demand.
Currently, electricity and heating needs are covered by a Diesel
generation set and a conventional Diesel boiler, respectively.
The proposed configuration includes a 600 kVA diesel generator
set with an exhaust heat recovery system for the cogeneration
system. The heat recovery system generates hot water that is

supplied to the consumption side by a hot-water-delivery
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network. This arrangement is composed of four subsystems: the
diesel generator set, the exhaust heat recovery system, the cold-
water supply system, and the fuel supply system, necessary to
operate the electric generator. The cogeneration system is

integrated with an auxiliary system consisting of a hot water

Cogeneration system

reservoir and a diesel boiler that supply the needs for hot water
when the cogeneration system is not available or does not fully
meet hot water demand. Figure 4, shows a representative
diagram of the complete system from the generation site to the

end user with the failure rates used.

fr—\

\

Fuel Supply , Nischasileal: Generator Electricity
E p— v
)\'f Diesel i \ )"e )
Engine
( ? \
Exhaust Heat ) Hot Water 4
Heat Recovery Heat | Reservoir :
Cold Water \ Y, Svstem = » Consumption
Suppl) > )\' }hh 4
;hy
)‘CW 4

A

| Auxiliary l
> Boiler

Figure 4. Cogeneration system from the generation site to the end user.

The diesel generator set used to simulate the performance of
the proposed system is a Caterpillar brand, with a nominal
power of 600 kVA working in a continuous rating all year long.

The electrical and thermal efficiencies are considered as
constants in this study. To evaluate the effect of the size of the
hot water reservoir, three different sizes are studied and
compared with the performance of the system without
a reservoir.

The auxiliary system is composed of a hot water reservoir
and a boiler. As we are also interested in the effect of reservoir
size on the level of availability of the whole system, the impact
of the reservoir on the supply to the final consumer is analyzed,
by evaluating the final availability of the system with and
without a reservoir. The capacity and the cost of each reservoir

are detailed in Table 1.

Table 1. Capacity and cost of hot water reservoirs.

Features | reservoir 1 [reservoir 2|reservoir 3|reservoir 4| reservoir 5

Ca'é’i)c'ty 1000 2000 | 3000 | 4000 5000
Cost 1930.72 | 4082.67 | 5991.03 | 7655.79 9076.95
(USD) ' ) ) ' )

Furthermore, for a more detailed analysis, a boiler, that
supplies the demand for hot water when the cogeneration

system is not available or does not fully satisfy the demand, is

considered. In this case, the auxiliary boiler operates with the

performance parameters indicated in Table 2.

Table 2. Boiler parameters.

Boiler parameters
M 60 (%)
LHV 43 (MJ)
Pr 0.832 (kg/L)
Diesel oil cost 1.807 (USD/L)

The demand is obtained from the fuel consumption of the
boiler and the diesel power generator during in Antarctica, as

shown in Figure 5.

80 T T T T T T T T T
I Eoiler
[ Generator Set

70F

60

o
o
T

Diesel Volume (m®)
w B~
o o
-

Month
Figure 5. Diesel volume consumed by the Chilean Antarctic

base along the year.
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3.1. Hot water consumption

Hot water consumption in the Chilean Antarctic base is mainly

for heating and domestic hot water. Six different profiles of

daily hot water consumption are considered to analyze the
availability of the waste heat recovery system, which are

described in Blad! Nie mozna odnalezé¢ zrodla odwolania..

Table 3. Profiles of hot water consumption [1]. Profiles are depicted as a fraction of the total amount along the day.

(cascade consumption).

Profile description Profile
03
0.2
Profile 1: Uniform consumption over the day. i
0
0.3
Profile 2: Consumption gradually increases until peak hours and then decreases 02

0.1

[28].

Profile 3: Based on domestic hot water consumption according to 1SO 9459-3: 1007

e
w

e e
— N
Utilization ratio

M

=]

0.3
g
025
Profile 4: Uniform consumption between 8 and 16 h. -§
0.1.5
0
0.3
0.2
Profile 5: Cascade consumption from 7 to 15 h
0.1
0
0.3
Profile 6: Concentrated profile with 90% of consumption uniformly distributed 02
between 13 and 15 h, 10% consumption at 16 h. =
5 10 15 20 0

Time of the day (hours)

3.2. Calculation of system availability

The availability of the cogeneration system, consisting of the
generator set and the waste heat recovery system, is calculated
using the state space model and the continuous Markov model.

Then, based on this availability, the Monte Carlo simulation is

used to calculate the total availability of the system for one year

of operation, considering 8,760 hours per year.
3.2.1. State space and continuous Markov models

The reliability calculation with its parameters and

considerations is presented below, using the state space and the
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continuous Markov model. Table 4 shows the failure rates (1)
and repair rates (¢) of the system according to the state space
presented in Figure 2. Based on the study conducted by
Haghifam and Manbachi [14], the failure density function is
described with an exponential distribution, and therefore the
elements have a constant failure rate. This method provides an
initial estimation, which is why a constant failure rate and
exponential distribution are used. Haghifam and Manbachi [14],
provides references for the failure rates and repair rates by
besides the continuous Markov Approach and the state space
model. To use this approach, an essential condition that should
be satisfied is the Markov property. This property states that
the future behavior of a stochastic process depends solely on its
current state and is independent of its past states, given the
present state [20].

Considering that failure density function and the repair time
density function are described with an exponential distribution,
is possible to confirm that Failure rate A and Repair rate p meet
the conditions required for continuous Markov model. The
Markov property in an exponential distribution can be
demonstrated through the memoryless property of said
distribution. The memoryless property states that the probability
of an event occurring in the future does not depend on how
much time has passed since a previous event occurred. To
establish the Markov property in an exponential distribution, let
us consider three points in time: ti, t, and t3, where t; <t, < ts.
Our aim is to demonstrate that the exponential distribution
between t; and t3 depends solely on the difference between t,
and t3, irrespective of what occurred before to.

The exponential distribution with a rate parameter A is
defined as f(x) = A * e, for x > 0.

The probability of the event occurring at t3 given that it did
not occur at tl and t2 can be computed using the probability
density function (pdf) of the exponential distribution. Let us
denote this probability as P(X > t3 | X > t,, X > t;), where X is
a random variable with an exponential distribution.

We can employ the memoryless property to simplify this
probability. The memoryless property states that:

P(X>t3| X>12) =P(X > t3 - t2). In other words, the probability
of the event occurring after t3, given that it did not occur before
t2, is equal to the probability of the event occurring after a time

interval equal to (t3 - t2).

By repeatedly applying this property, we can simplify the
desired probability as follows:

PX>t6|X>t, X>t)=PX>t3-t | X>t, X>1t) =
P(X>t3-tr| X>1t) =P(X>t3 - tp) = e(HB-12)

Therefore, the probability of the event occurring at t; given
that it did not occur at t; and t, is simply e*®-2)_ which solely
depends on the difference between t, and t3. This demonstrates
that the exponential distribution possesses the Markov property,
where the probability of a future event solely depends on the
time elapsed since the last event.

Table 4. Failure rates (A) and repair rates () calculated with the

Markov state space approach.

Failure rate | Value (f /Year) | Repair rate | Value (f/Year)
4 2 e 48
1, 0.3 1 40
Az 0.1 Uz 14
A, 0.4 1Ly 80

The probability of each state previously analyzed in the
cogeneration system is shown in Table 5.

The availability of state 1, corresponding to the time when
all the components of the cogeneration system are in operation,
is P, =95.3 % according to the state space and continuous

Markov model.

Table 5. Probability for each state in the cogeneration system.

State Probability
P, 0.9530
P, 0.0397
P, 0.0072
P, 0.0001

According to these data and through the continuous Markov
model, an availability of 0.9602 is obtained with equation
(eq.14) for the electricity generation subsystem, which implies
that 96.02% of the cases the system is available to generate
electricity. On the other hand, the availability of the heat
recovery system, obtained with equation (eq.15), corresponds to
0.9927, which implies that 99.27% of the cases the system is
available to recover waste heat from the exhaust gases.

A, =P, + P; =0.9602 (14)
A, =P, + P, =0.9927 (15)

95.3% availability is used to calculate the total availability
of the cogeneration system in a year that considers 8,760 hours.
Indeed, the system must be in state 1 to be able to optimally

meet the electrical and heat energy requirements.
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3.2.2. Monte Carlo simulation
Based on the availability calculated using the state space and
the continuous Markov model, Monte Carlo simulations are

performed with the parameters of Table 6.

Table 6. Parameters used in the Monte Carlo simulation.

Parameters Value Unit
t 8,760 h
N 10,000 iteration
pr 0.832 kg/L
D 0.997 kg/L
LHV 43 Ml/kg
) 36.628 %
T; 277.15 K
T, 333.15 K
Cpw 4.189 kJ/kg- K
0, 25 %

Electricity demand is estimated based on the historical diesel
consumption of the electric generator. The hourly consumption
demand is obtained considering the volume of diesel
historically consumed (Figure 5) and the previously generated
demand profiles (Blad! Nie mozna odnalezé¢ zrédia
odwolania.). In addition, a uniform distribution for electricity
demand and a triangular distribution for thermal demand is
considered.

3.2.3. Costs of the heat recovery system
The base cost is estimated as the cost of Diesel oil consumed

based on the boiler’s oil demand, projected over one year:

N
AC = Pyieser Z Vaieset (16)

i=1
where AC is the annual operational cost of the cogeneration
system, Vi ;0501 the daily volume of diesel consumed and P
the price of Diesel in the Antarctic base. N is the number of
operating hours in one year (8,760). The values of these
parameters are displayed in Table 7. Based on operational data,

the value of diesel currently consumed by the boiler is 77,000 L

Table 7. Parameters to compute operational cost of reference

case.
Parameters Value Unit
Diesel oil cost 1.807 USD/L
Boiler oil quantity 77,000 L
Heat recovery system 30,000 uUSD
Installation 5,000 usSD

The investment cost of the heat recovery system is

considered as 30,000 USD for the construction of heat recovery
system and 1,000 USD per day for a 5-day installation period.
It should be noted that the cost of installing the waste heat

recovery system without a heat reservoir is 35,000 USD.
3.2.4. Environmental impacts

To evaluate the environmental impact of implementing a heat
recovering system, the reduction of CO, emissions is also
considered. This reduction is generated by the displacement of
the oil consumed by the current boiler. It is calculated by using
the heat recovered to meet the hourly hot water demand
according to each profile. This task is carried out by considering

an emission factor of 0.27 kg CO, /kWh
4. Results and discussion

Thirty-Six operational configurations are studied using the six
hourly hot water consumption profiles and six hot water storage
sizes. These configurations are used to evaluate the performance
in terms of availability, operational cost and CO, emissions of

the retrofitted cogeneration system.
4.1. Instant availability

Figure 6 illustrates the effect of the hot water storage size on the
evolution of the instantaneous cogeneration system availability
over a year, for each hot water consumption profile, as proposed
in[1].

Instant availability evolution of the cogeneration system
over a year, for the six hourly hot water consumption profiles
and the six hot water storage sizes. Lines represent the
availability for different water storage configurations (y;-axis)
and shadowed bars represent the monthly hot water
consumption (y,-axis).

In Figure 6a, the evolution of the instantaneous availability
is exhibited when the hourly hot water consumption profile 1 is
considered. In this configuration, except for the case with no hot
water storage (black solid line) and for a 1000 L storage, the
retrofitted cogeneration system availability is maximum up to
day 150 for all sizes of reservoir. After day 150, the availability
decreases because of a large increase in the monthly hot water
consumption due to the winter season. The slope of the decrease
is more pronounced in the system with no hot water storage
(solid line). It is important to remark that the size of the hot

water storage has a small effect on the evolution of the
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availability. A difference can be observed by increasing the size

from 1000 to 2000 L, but beyond 2000 L the improvement in

< 10%)

25 Z
0.8 | E
g 20 ¢
207 | -
z ' 15 3
0.6 8
02 mProfile 1 10 %
05 —Ac= OL — Ac=3000L 0.1 . &

o Ap= - 0 5
Ac=1000 L -~ Ac=4000 L I TR T

0.4 Ac=2000 L -—Ac=5000 L Time of the day (h) 0

0 50 100 150 200 250 300 350
Day
(a) Profile 1
1 35

0%
- —25
ke
z =
= 20 5
e} =
= ISR S | _,| _____ R 2
z T 15 B
&
06/ | 8
02 mProfile 3 02
05 —Ac= OL  Ac=3000L 0.1 “l i il z
A= - 0 5 &
Ac=1000 L -~ Ac=4000 L TR T

0.4 Ac=2000 L -—Ac=5000 L Time of the day (h) 0

0 50 100 150 200 250 300 350
Day
(c) Profile 3
1 35

< 10%

Availibility
o
2 ‘
[a% ‘ ’
o

o
Hot water consuption (L/day

0.6
! mWProfile 5 10
05 —Ac= OL ~ Ac=3000L 01 |IIIIII|
= - A= 5
-~ Ac=1000 L ~-Ac=4000 L E o s e
Ac=2000 L -—Ac=5000 L Time of the day (h) 0
0 50 100 150 200 250 300 350
Day
(e) Profile 5

availability is negligible regardless of the size of the storage.

0.9
25
0.8 I
£ 20
207 ‘
g ‘ 11’
I o
0.6
0.2 WProfile 2 10
05 —Ac= OL Ac=3000 L 0.1
L _ 0! ~==nnnnnERERNENERE RS-, 5
Ac:1000 L Ac:4000 L o 5 10 15 20
0.4 Ac=2000 L -—Ac=5000 L Time of the day (h) 0
0 50 100 150 200 250 300 350
Day
(b) Profile 2

| 25

0.8 . E—
£ | - St e oo i --20
207 1
g [ 15
I 2
0.2 WProfile 4 10
05 —Ac= OL ~ Ac=3000L 01 nnm
5
-- Aci1000 L Aci4000 L OG 5 10 15 20
0.4 Ac=2000 L -—Ac=5000 L Time of the day (h) 0
0 50 100 150 200 250 300 350
Day
(d) Profile 4
1 35
0.9
0.8
£ 20
207 ‘
g 5
z 15
0.6
0.2/ MEProfile 6 10
05 —Ac= 0L Ac=3000 L 0.1 I .
-~ Ac=1000 L ~-Ac=4000 L STE s
0.4 Ac=2000 L -—Ac=5000 L Time of the day (h) 0
0 50 100 150 200 250 300 350
Day
(f) Profile 6

Figure 6. Instant availability evolution of the cogeneration system over a year, for the six hourly hot water consumption profiles and

the six hot water storage sizes. Lines represent the availability for different water storage configurations (y,-axis) and shadowed bars

represent the monthly hot water consumption (y,-axis).

Minimum availability is reached on day 180 for all cases. It
can be noted that the effect of incorporating a hot water storage
is most important that the size of the storage volume for this
uniform hot water consumption profile. For example, when no
hot water storage is considered, the minimum instant
availability reached is 0.85 (day 181), while the minimum

reached with hot water storage is 0.93 and 0.94 for volumes of

1000 and 5000 L, respectively. From day 181 to the end of the
year all configurations follow a smooth increasing line up to an
availability of 0.90 for no hot water storage, 0.96 for 1000 L and
0.97 for a 5000 L hot water storage. The availability of the
cogeneration system is mainly affected by the existence of a hot
water reservoir and to a lesser extent by its size. For example,

towards day 365, the availability with no hot water storage is
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approximately 0.90, a value that increases by 6% when a 1000
L storage is added, but increases by 7% when the volume of hot
water storage increases to 5000 L.

A different situation can be observed when a triangular hot
water consumption profile is considered (Figure 6b). From the
beginning of the year, the relative importance of the additional
hot water volume above 2000 L is not very clear before day 150.
This behavior allows to deduce that the buffer effect of the
storage makes it possible to decouple the heat generation from
the consumption by reducing the cycling of diesel boiler.
Consequently, the result is better operating behavior and higher
fuel consumption efficiency. In the absence of hot water storage,
the system starts with a value around 0.71 during first month
and then shows an increase in availability due to the decrease in
hot water consumption in March and April. While in the
following months of May, June and July there is a decrease in
availability due to an increase of hot water demand.

Before day 150, i.e., when the hot water demand is relatively
low due to the summer season, configurations using storage
volumes of 2000, 3000, 4000 and 5000 L almost reach the
maximum availability with small differences between them.
After day 150, there is a sharp increase in the hot water
consumption which leads to a significant reduction in
availability, regardless of the configuration analyzed. However,
larger volumes of hot water reservoirs exhibit small slopes,
resulting in a reduced effect of heat demand on the availability.

Figure 6¢ shows the daily evolution of system availability
over the year for the hot water consumption profile 3. This
profile is based on domestic hot water consumption according
to ISO 9459-3:1007 [28] and is widely used for residential
applications. The first point to observe is the important role that
hot water storage tanks plays on the availability of the system,
indeed larger volumes increase availability along the year. In
general, the availability dynamics are similar for system with
a storage volume of 2000, 3000, 4000 and 5000 L. Moreover,
when no hot water storage is used, the availability index
converges rapidly at the beginning of the year. The addition of
a 1000 L reservoir improves availability by an average of about
10%. The situation is different when the size of the reservoir
increases beyond 1000 L because there is an important increase
in availability between day 30 and 120. This makes it possible

to better cope with the increase of heat consumption in winter.

This increasing gap in availability between two storage size
appears to be reduced as the volume increases, thus reducing the
buffing effect. Maximum variations are found on day 120, with
availability values of 0.66 for no reservoir and 0.68, 0.79 and
0.88 for reservoir of 1000, 3000 and 5000 L, respectively.

Figure 6d shows the daily availability of the cogeneration
system over the year for profile 4. As in the previous case, since
heat consumption is concentrated over a limited range around
midday, there is no volume studied that allows decoupling heat
production from consumption. Moreover, the additional gain in
system availability decreases asymptotically as the volume
increases. The system availability with no hot water reservoir is
almost constant over the year with a minimum of 0.625 and
a maximum of 0.635. When a 1000 L hot water reservoir is
included, availability increases from 0.7083 at its minimum and
to 0.77 at its maximum. Better results are obtained when the
reservoir size is further increased to 3000 L. However, when
size increases to 5000 L, the effect on availability is not as
significant as the increase from 1000 to 3000 L, possibly
because the system is approaching its maximum. For example,
the variation on day 150 (when an important increase in
monthly hot water demand is reported) is around 20% when
going from no reservoir to a 1000 L reservoir, then 23% when
increasing size from 1000 to 3000 L, but only 4.1% when going
from 3000 to 5000 L.

Figure 6e shows the availability results for profile 5, which
corresponds to a cascade consumption from 7 to 15 h. In
general, the results for this profile are more stable. The dynamic
behavior of system availability for the six configurations
studied follows same trend. From the beginning of the period,
all the configuration systems evolve by increasing the
availability until a maximum that is found at day 120, which
corresponds to the moment when the hot water consumption
increases considerably due to the winter season, thus reducing
the buffer capacity of systems. After day 120, all systems reduce
their availability smoothly to a minimum that is reached around
day 243, when the daily hot water consumption is about 21.370
L/day. It can be observed that along the year, the buffer effect is
reduced when the volume of the buffer tank increases. For
example, on the day of maximum availability (day 120) the
additional gain from adding a 1000 L reservoir is 8%, from 1000
to 2000 L is 3.7%, then from 2000 to 3000 L is 2.47% to reach
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a minimum of 1.18% when the volume increases from 3000 to
4000 L. Nevertheless, when the storage volume increases from
4000 to 5000 L, the gain becomes more important again.

Finally, Figure 6f shows the daily evolution of the
cogeneration system availability for the hot water consumption
profile 6. In this profile, consumption is concentrated between
13 to 15 h with 90% of total daily consumption, with the other
10% consumed at 16 h. The results show that any storage
volume studied can make a buffer effect to be coupled with the
heat demand. If the case of no heat storage is considered, the
availability is around 0.795 over the year. When a 1000 L
storage volume is added, availability increases to 0.833,
improving availability by about 4.77%, but when the volume
increases to 2000 L, no contribution to availability can be
observed. A slight improvement in availability is observed
between 2000 and 3000 L, which means that the concentration
of hot water consumption in the afternoon prompts the system
to have more storage volume, thus reducing boiler operation.
However, when a reservoir of 5000 L is included, the
availability increases to 87.5% from the beginning of the year
to day 150, when it begins to drop smoothly to 85.95% on day
250. From day 250 until the end of the year, the availability
increases slightly to 86.79%. When heat consumption is
concentrated over a part of the day, the size of the volumes
studied is not sufficient to obtain a maximum buffering effect
due to the large amount of water consumed in such a short time.
For this case, system availability can still be improved by
increasing the size of the hot water reservoir.

4.2. Annual average

[
[V

A A 2
/ &
08 A 2 a A
A
A
. A
_ A
Zz06 A
=
T
>
<
04
0.2

A Ac= 0L A Ac=3000L
A Ac=1000L A Ac=4000L
Ac=2000L 4 Ac=5000 L
1 2 3 4 5 6
Hot water consumption profile
Figure 7. Cogeneration system availability as a function of hot

water demand profile for the four water storage sizes.

The annual average for availability, operational cost and CO,
emissions of the cogeneration system is evaluated in the
following.

Figure 7 shows the annual availability for the different
combinations of hot water storage configuration and hot water
consumption profile. This allows us to quantify the annual effect
of different hot water storage sizes for each hot water
consumption profile. As expected, when the amount of stored
hot water increases, the availability of the cogeneration system
also increases, since the hot water reservoir has a buffering
effect on the system, reducing thus the impact of variability in
the demand. In general, the buffer inventory level should
provide the proper isolation time before the buffer becomes
empty, so that during this time a maintenance intervention or
a demand change can be carried without causing a propagation
of the effect of the failure or of the demand variability in the
machines downward [24]. Therefore, regardless of the hot water
consumption profile, the best availability is obtained by using
the 5000 L storage volume; however, the availability in the other
storage configurations varies according to the hot water
consumption profile. The results clearly show that for hot water
consumption profile 1, the availability of the cogeneration
system improves with a hot water storage but is almost not
affected by its size. In contrast, profile 2 is more sensitive than
profile 1 to the addition of a hot water storage and its size, but
the difference between the availability values decreases with
increasing hot water storage size. Availability for the hot water
profile 3 has a linear effect with the addition of a hot water
storage, as its availability increases from 0.63 with no storage
up to 0.84 with a hot water storage volume of 5000 L. The
availability of the system with profile 4 is also affected
according to the hot water storage configuration, which
translates into an increase from 0.61 with no hot water storage,
to 0.74, 0.83, 0.89, 0.91 and 0.93 for hot water storage volumes
of 1000, 2000, 3000, 4000 and 5000 L, respectively. For profile
5, the addition of a 1000 L hot water storage increases the
availability by about from 0.72 to 0.79. Afterwards, the addition
of larger hot water storage volumes is by far less sensitive to the
availability index for this profile. Finally, the average annual
availability of hot water consumption profile 6 is remarkably
affected only when a 1000 L hot water storage is included. This

means that there is a minimum amount of stored hot water
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needed to increase availability, which should be considered

when designing a system for similar hot water consumption

profiles.
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Figure 8. Operational annual cost of the cogeneration system
as a function of hot water demand profile for the six water

storage sizes.

Table 8. Statistics of availability for different profiles.

The operational annual cost of each evaluated case (Blad!
Nie mozna odnalez¢ zréodla odwolania.) is calculated
considering the installation and fuel costs used in the boiler. The
use of the heat recovery system is largely justified with any of
hot water consumption profile and hot water storage
configuration systems. The lowest annual costs are obtained for
uniformly and triangular distributed daily consumption profiles
(profile 1 and 2), with similar total annual costs. Also, for these
two profiles, the annual costs are less sensitive to the hot water
storage configuration that the rest of the consumption profiles.
Profile 3 is the most sensitive to the hot water storage
configuration, with an operational annual cost between 61 and
31k USD, whereas for profiles 4 and 5, the cost varies from 54
to 10k and 62 to 32k USD, respectively. Profiles 4 and 5 are
quite similar despite the noticeable differences in system
availability under the same conditions, highlighting the
importance of considering cost along with availability. Total
operational annual cost for profile 6 is higher than for the other
profiles regardless of hot water storage configuration (59-88 k
USD), but the distribution of costs between the different
volumes is quite similar to those of profiles 4 and 5.

Table 9. Statistics of operation cost (US$ x 10°) for different
profiles.

Profile Mean Std Min Max
1 0.96 0.03 0.90 0.98
2 0.93 0.07 0.79 0.98
3 0.75 0.08 0.64 0.85
4 0.82 0.12 0.61 0.93
5 0.81 0.05 0.73 0.86
6 0.83 0.02 0.79 0.86

Table 8 data reveals variations in the availability of the
cogeneration system across different profiles. Profiles 1 and 2
demonstrate relatively higher mean availability, indicating more
reliable performance. Profiles 3, 4, and 5 exhibit lower mean
availability, suggesting a less dependable operation. Profile 6
stands out with a slightly higher mean availability compared to
the previous profiles. The standard deviations provide insights
into the variability of availability within each profile. These
statistics can serve as valuable inputs for reliability and
availability modeling in the research paper, enabling
a comprehensive analysis of the system's performance in
meeting the heat and hot water demands of the isolated
Antarctic base.

The cogeneration system reduces operational annual costs
because of the savings in diesel fuel consumed by the
conventional boiler currently used to satisfy the hot water

demand of the base.

Profile Mean Std Min Max
1 1.77 2.22 0.72 6.29
2 3.88 3.65 0.94 10.68
3 4558 11.10 31.04 60.51
4 27.23 16.92 10.19 54.83
5 47.32 11.21 32.55 62.28
6 73.67 11.06 59.00 88.32

Table 9 provides information about the six hot water
consumption profiles and their corresponding mean, standard
deviation, minimum, and maximum operation costs in
thousands of US dollars. Data reveals considerable variations in
the operation costs for different hot water consumption profiles.
Profiles 3, 5, and 6 stand out with significantly higher mean
costs compared to the rest, suggesting a greater demand for
more intensive hot water usage. The standard deviations provide
insights into the variability of costs within each profile. These
statistics can serve as valuable inputs for reliability and
availability modeling in the research paper, allowing for

a comprehensive analysis of the cogeneration system's
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performance and associated costs in meeting the heat and hot

water demands of the isolated Antarctic base.
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Figure 9. Cogeneration system emissions as a function of hot
water demand profile for the four water storage sizes.

Finally, the environmental impact of implementing a waste
heat recovery system in a diesel generator system is estimated.
The potential reduction in emissions from the cogeneration
system is calculated based on the displacement of boiler fossil
fuel consumption, which reduces €0, and other GHG emissions
into the atmosphere, contributing to the reduction of global
warming. Blad! Nie mozna odnalezé zrédla odwolania.
compares the emissions of the 36 simulated system
configurations with the emissions of the base case, where no
waste heat recovery is considered, and hot water is supplied
only with an oil boiler.

As expected, the results follow the same trend as cost. From
an environmental point of view, the inclusion of a waste heat
recovery system significantly reduces emissions regardless of
storage configuration or hot water consumption profile. On
average, the lowest emissions occur for profile 1 with reservoir,
where almost all water needed for the base is supplied by the
cogeneration system.

In the other side, highest emissions are produced for profile
6 without hot water reservoir. Another important thing is that
the effect of hot water storage size on CO, emissions is quite
similar for profiles 3 and 5, which results in a reduction
variation of around -11% when comparing no reservoir and
a 1000 L reservoir, -22% when comparing 1000 and 3000 L
reservoirs, and -26% when comparing 3000 and 5000 L

reservoirs. The sensitivity of CO,emissions according to profile
4 is remarkably more important than the rest of profile, with
arange between 81 and 15 ton/year of CO,emissions for no hot
water reservoir and a 5000 L reservoir, whereas for profiles 1
and 2 this range is 10-1 and 16-1.4 CO, ton/year, respectively.
Table 10 provides statistics of CO, emissions (ton/year) for
different hot water consumption profiles. The data reveals
significant variations in CO, emissions associated with different
hot water consumption profiles. Profiles 3, 5, and 6 stand out
with considerably higher mean emissions compared to the other
profiles, indicating a greater environmental impact. Profiles 1
and 2 show relatively lower mean emissions. The standard
deviations provide insights into the variability of emissions
within each profile. These statistics can serve as valuable inputs
for analyzing and comparing the environmental sustainability of
the hot water consumption profiles in the research paper.
Table 10. Statistics of CO, emissions (ton/year) for different hot

water consumption profiles.

Profile Mean Std Min Max
1 2.63 3.29 1.07 9.34
2 5.76 5.42 1.39 15.87
3 67.68 16.48 46.09 89.85
4 40.43 25.13 15.14 81.41
5 70.27 16.65 48.33 92.48
6 109.38 16.43 87.60 131.15

5. Conclusions

The impacts of hot water consumption profile and hot water
reservoir volume on the cogeneration system are presented and
discussed in this paper. The cogeneration system delivers
electricity and thermal energy to water for space and domestic
hot water heating purposes. The study was conducted using the
operational diesel fuel consumption of an Antarctic Chilean
base. A model based on energy balances was used to estimate
heat recovered from exhaust gases. The reliability of the
cogeneration system is modelled based on state space and on
a continuous Markov process by applying a frequency-balance
method.

The results of assessing reliability and availability of heat
recovery system showed that increasing the volume of hot water
reservoir increased the availability of the cogeneration system
because of the buffer effect. It is interesting to note that this

effect is not linear, and it depends on the hot water consumption
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profile and thus, when sizing this kind of systems, both, hot
water reservoir volume and hot water consumption profile
should be considered. The availabilities, found for the different
cases evaluated, were used to obtain annual operational costs
and annual emissions. If the hot water consumption profile is
not uniform along the day, it is very difficult for the system to

decouple heat production from consumption for the storage

uniform and triangular distributions over the day, respectively,
exhibited similar annual operational costs regardless the hot
water reservoir volume.

Thus, the reliability and availability modelling, along with
the sensitivity analysis, of CHP components presented here can
be useful in feasibility studies of retrofitted waste heat recovery

systems and in determining their optimal design and operational

volumes studied. Hot water profiles 1 and 2, corresponding to parameters.
Nomenclature
Greek Symbols Roman Symbols
a Correlation parameter Availability
B Correlation parameter AC Annual operational cost (USD)
A Failure rate Cp Specific heat (kJ/kg K)
U Repair rate CCHP Combined cooling, heating, and power
n Efficiency E Energy rate supply (kW)
p Density (kg/1) de Electric demand (kW)
¢ Fraction of energgalsc;sst through exhaust F Demand factor
Subscripts CHP Combined heat and power
b Boiler dt Hot water demand profile (L) generated
chp CHP system GHG Greenhouse gases
cws Cold water system LHV Lower calorific value of the fuel (kJ/kg)
e Electric system m mass flow (kg/s)
exh exhaust gases 0 Energy (kW)
f Fuel system Probability
h Heat recovery R Reliability
hrs Hot water system RES Renewable energy sources
T Recovery system S Subsystem
s System T; Initial temperature (K)
w Water Ty Final temperature (K)
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