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Abstract: Concurrent production of electrical and thermal energy from a Combined Heat and Power
(CHP) device is an attractive tool to address the growing energy needs of the planet. Micro CHP (µCHP)
systems can reduce a building’s primary energy consumption, reduce carbon footprint, and enhance
resiliency. Modeling of the µCHP helps understand the system from multiple perspectives and
helps discover errors earlier, improves impact analysis and simulation of system solutions for ease
of integration with the building. Consequently, there is a need for analysis of the impact of µCHP
modeling approach on its reliability and flexibility. The primary objective of this paper is to review
the state-of-the art models in the µCHP space with a focus towards internal combustion engine
as the primary mover (PM) and limit the study to system modeling, calibration, and validation
methodologies. Based on the analysis, recommendations for further model considerations and
refinements are presented.

Keywords: micro combined heat and power; cogeneration; engine; modeling; prime mover

1. Introduction

The technical potential energy savings of distributed generation (DG) in the US is significant.
This potential, however, remains mostly untapped in building applications. Micro Combined Heat and
Power (µCHP) systems in a DG infrastructure can reduce a building’s primary energy consumption,
reduce carbon footprint, and enhance resiliency. The simultaneous production of electrical and
thermal energy from a single fuel source at a high overall energy efficiency can reduce primary energy
consumption while lowering greenhouse gas (GHG) emissions. The decentralized aspect of these
µCHPs can potentially reduce distribution losses while reducing the peak load burden on central
power generation plants. Economic and population growth are the primary drivers of rising electricity
demand and it is bound to increase further, especially as electric vehicles become commonplace.
In fact, CHP technology is gaining ground as an acceptable energy provider at university campuses,
industrial facilities, and as backup generation, according to a recent study [1]. The key market drivers
contributing towards the growth of CHP technologies include lower operating costs, environmental
regulations, resiliency, policy support, reliability, and utility interest. CHP reduces the burden on
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electric grid as well as the need for new transmission and distribution infrastructure while utilizing
domestically available clean energy resources such as biomass and natural gas. Some of the major
hurdles for the mass deployment of CHPs include value proposition to the utilities, user awareness,
permitting and siting constraints, and general market uncertainties.

Cogeneration technologies including those of industrial and micro scale have been analyzed
for their applications in buildings dating back to late 20th century [2]. The authors identified the
hurdles for rapid deployment and adoption by utilities, industries, and governmental regulatory
bodies. Suggestions were made for accelerating the implementation of these devices with a primary
focus on research, fuels, economics, environment, industry-utility interface, and regulation. Some of
these focal points are still relevant even though the suggestions were made almost four decades ago!

The next wave of activity in the CHP area began around 17 years ago when the International
Energy Agency (IEA) initiated a large-scale international effort (with 25 participating countries) in
developing a simulation model for investigating the performance of cogeneration devices serving
residential buildings. This effort was taken up under Annex 42 in IEA’s Energy Conservation in
Buildings and Community Systems (ESBCS) Program [3]. A detailed review of this model will be
presented in the next section.

Given the significant potential of µCHP in buildings, we present in this paper a review of prior
work in modeling µCHPs that use internal combustion engine (ICE) as the primary mover. ICE-based
µCHPs are attractive since the primary power source technology is mature and offers numerous
advantages viz. cost and reliability, compared to the other power generation schemes including
emerging technologies. Evolution of the ICEs in improving the electrical energy efficiency and its
potential for low cost manufacturing are some of the key elements which make it an attractive option
for large scale application in a DG architecture.

Integration of theseµCHP units as primary building energy resources requires good understanding
of their performance in meeting the dynamic energy needs (thermal and electric loads) of the building
influenced by users, seasons, climate, and the overall interaction with the grid. Actual savings to the
user such as energy consumption minimization and optimal economic benefits are highly dependent
on the sizing, control scheme, and user demand fitting. In light of this, a reliable global dynamic model
of the µCHP system is absolutely necessary for design, integration and implementation considerations
in buildings. The key elements of the µCHP include prime mover, heat exchanger, energy storage,
and the control system. All these elements must be defined in both steady state and transient modes
and accounted for in the global µCHP model.

The primary modeling approach generally falls in to one of three categories viz.: (i) Standard
system model where all the system subcomponents are solved consecutively, offering simplicity but
little flexibility in wider adoption (ii) flexible component based modular approach where the major
functional components can be refined by customizing and providing necessary input and output
data, and (iii) differential equation based approach where the individual objects are represented by
expressions with time as an independent variable, offering high level of flexibility but significant
upfront processing for executing the developed algorithm. Thermal simulation of the µCHP can be
studied as a steady-state system however the practical application of such systems is highly dynamic
in nature and hence transient processes involved in the global operations of each major subcomponent
must be thoroughly considered.

In this framework, this paper presents a comprehensive overview of various modeling approaches
adopted by international researchers. A review of the modeling scheme of µCHP along with various
steps involved in the calibration was extensively discussed in a previous paper published in the year
2007 [3,4]. The primary goal of the present paper is to review and discuss latest approaches in µCHP
(after year 2007) modeling. The key objective is to present the state-of-the-art thermodynamic models
and their advantages, while identifying opportunities for further refinement to expand the capabilities
of such models for versatile applications and ability to accept different prime power ICE based µCHP
products. The paper will identify the key thrust areas in the prior work with a focus towards dynamic
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modelling approach. Standalone and hybrid ICE-based µCHP modeling strategies and integration
considerations have been reviewed, primarily in residential and commercial scale building applications
along with energy storage. The key focus is to provide an overview of the modeling considerations
when designing a µCHP system with ICE as the PM, to address the desired thermal and electrical load
demands when utilized with energy storage modules. PMs other than internal combustion engines
were not considered in this study. Excluded from this study are the economic modeling aspects,
interactions between these distributed generation sources and the grid network as well as the building
types, envelope related factors, and climate zones.

2. Review of the Models

Several researchers investigated the dynamics of multiple cogeneration/µCHP systems powered
by different fuels (both fossil and renewable) and power sources (turbine, ICE, Stirling engines, SOFCs,
PEMFCs, concentrated solar, etc.) via modeling approaches developed independently as well as Annex
42-based analysis. The following sections elaborate different modeling strategies.

2.1. Annex 42 Models

IEA sponsors research and development in numerous energy-related areas. The ECBCS program of
IEA facilitates the acceleration and introduction of energy conserving and sustainable technologies for
applications in healthy buildings and communities. Annex 42 of this program focused on developing
simulation models for systems up to 15 kW, to advance the residential cogeneration systems and assess
techno-economic-environmental performance. This effort [3] initially reviewed the µCHP performance
assessment studies at the time (2007), including experimental tests, methodologies and modeling
techniques utilized. This review visited the µCHP modeling work performed at various institutions
globally, a selected few are mentioned here. A techno-economic and environmental assessment of
five different <5 kW µCHPs, based on internal combustion engines, Stirling engines and fuel cells in
residential buildings was conducted. The authors concluded that primary energy savings and carbon
dioxide reductions are possible with the studied devices however a significant mismatch between
electrical loads and the total power production was recognized [4]. Similarly, Dorer et al. applied a
simulation methodology to identify the important influencing factors affecting the µCHP’s performance
and its result on primary energy demand and emissions [5]. In a separate study, Wu et al. reviewed
different tri-generation system configurations and the key influencing factors for wider adoption
of the technologies [6]. Preliminary investigation of a novel hybrid heat pump based combined
heat and power device was conducted by Few et al. The authors concluded that the heat pump
improves the overall efficiency while offering significant flexibility in managing the energy needs [7].
A comparison of electrical and thermal load following µCHP system models showed that the thermal
load following configuration offered higher overall efficiency and economic benefit [8]. In a similar
study, control strategies to manage µCHP systems was suggested to minimize the supply vs. demand
challenges [9]. Integration of CHP with renewable energy sources such as wind was modelled [10].
A comprehensive framework for uncertainty analysis was presented in an integrated approach using
residential distributed energy resources utilizing energy storage [11,12].

The authors reviewed and concluded that there was a lack of cogeneration device models suitable
for whole building simulation programs. It was also concluded that µCHP system studies showed
reductions in non-renewable primary energy demand compared to conventional gas boiler systems
and grid electricity as the benchmark. Based on the review of the state-of-the-art models, the authors
concluded that the control mode plays a significant role in µCHP system’s performance, where heat
load following offers best energy efficiency, while electricity load following reduced cost.

Annex 42’s modeling approach included identification of physical characteristics of the device,
development and verification of engineering model, followed by developing module of the model
in a building simulation tool. The primary objective of this approach was to develop a model that
is suitable for coupling the performance of the cogeneration unit with building model. The model
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contains discrete control volumes and input parameters that can be adjusted to simulate a variety
of devices. The model is simplified and parametric in nature to meaningfully study the interactions
between a cogeneration system and the building.

The engineering model considered three primary control volumes [13]: (1) Energy conversion
control volume representing the engine working fluids and the electric generation device (ICE),
(2) Engine control volume representing the thermal mass of the engine and its internal heat exchangers,
and (3) Coolant control volume representing the flow of the engine coolant and the thermal mass of
the heat exchange components in immediate contact with the coolant. The energy flows among the
three control volumes are illustrated in Figure 1.
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The adopted modeling strategy captured different energy exchanges in the performance map with
empirical correlations describing the part-load electrical and thermal efficiencies, and the cogeneration
system’s steady-state behavior under a variety of loading conditions. The development of the model is
detailed in [13]. Here, we will only summarize the key equations that simulate the thermal performance
of the µCHP. The model starts with known electric output, Pnet, and the temperature of the cooling
water to the cooling water control volume, Tcw,i. The model then uses a correlation for fuel-to-electric
conversion efficiency, ηe, to calculate the fuel consumption of the engine, Qgross, as in Equation (1):

Qgross =
Pnet

ηe
(1)

The efficiency, ηe, is a function of the flow rate of the cooling water, mcw, the temperature of
the cooling water at the inlet to the cooling water control volume, Tcw,i, and the electric demand.
The authors suggested a tri-variate second-order polynomial form as in Equation (2):

ηe =
2∑

i=0

2∑
j=0

2∑
k=0

ai jk Pi
net T j

cw,i mk
cw (2)

To calculate the recoverable heat, an efficiency parameter, ηq, is defined as the ratio of recoverable
heat to the fuel consumption of the engine. The authors suggested a form similar to ηe as shown in
Equation (3):

ηq =
2∑

i=0

2∑
j=0

2∑
k=0

bi jk Pi
net T j

cw,i mk
cw (3)

The recoverable heat, Qgen, is then calculated as in Equation (4):

Qgen = ηq Qgross (4)



Energies 2020, 13, 3581 5 of 27

A portion of the recoverable heat is lost to ambient, Qloss, and is assumed to be proportional to the
difference between the bulk average engine temperature, Te, and the temperature of the surrounding
ambient, Ta, as in Equation (5):

Qloss = [UA]loss(Te − Ta) (5)

[UA]loss is the overall effective thermal conductance between the engine control volume and the
surroundings. Another portion of the recoverable heat is recovered into the cooling water stream, QHX.
This portion is calculated based on an overall thermal conductance between the cooling water and the
engine, [UA]HX, as in Equation (6):

QHX = [UA]HX(Te − Tcw, o) (6)

Tcw,o is the temperature of the cooling water at the outlet of the cooling water control volume.
An energy balance is then performed on the engine control volume as in Equation (7) and the cooling
water control volume as in Equation (8):

[MC]e
dTe

dt
= Qgen −QHX −Qloss (7)

[MC]cw
dTcw

dt
= mcwCcw(Tcw,i − Tcw,o) + QHX (8)

[MC]e is the bulk thermal capacitance of the engine block and its internal heat exchangers. [MC]cw

is the overall thermal capacitance of the encapsulated cooling water in the system and the heat
exchangers in immediate contact with the encapsulated cooling water. Ccw is the specific heat of
the cooling water. Tcw,i is the temperature of the cooling water at the inlet to the cooling water
control volume.

The use of this model requires its calibration first: that is the knowledge of the a coefficients of ηe,
the b coefficients of ηq, [UA]loss, [UA]HX, [MC]e and [MC]cw. These parameters however are not easy to
calculate and in most, or all, cases these parameters will have to be estimated empirically.

Several operating modes including standby, warmup, cool-down as well as scenarios with
switching between these modes were also considered by the authors [13]. Additionally, the model
also accounted for low level controls such as system level internal control protocol for safe operation.
The high-level controls account for system’s interaction with external building controls including
electrical interface, control signal interface, control flags, and other data output. The simulation
environment also considered external environmental boundary conditions including ambient air
temperature, cooling water temperature, and cooling water mass flow rate for the engine and coolant
control volumes.

The model developed under Annex 42 program was later integrated into various simulation
tools (e.g., EnergyPlus, TRNSYS, ESP-r) to provide coupling between the cogeneration device and the
building’s thermal/electric demands. The developed model was calibrated experimentally followed by
validation and performance assessment [13]. In this study, several experiments were conducted using
early market residential cogeneration prototypes, guided by the interests and resources available to the
participants. The combustion cogeneration devices used in the calibration studies restricted the use of
invasive instrumentation, hence the calibration process was carried out using a methodology capable
of deriving multiple model inputs from a limited set of measurements collected during dynamic testing
as well as manufacturer’s literature. Data from the extended performance testing was utilized as
quasi-steady state conditions. Uncalibrated model inputs were determined by comparing model’s
predictions to the dynamic performance observed in the prototypes. Third party optimization utilities
were finally used to identify the rest of the calibration parameters, for instance, considering the
difference between measured and predicted values.

Beausoleil-Morrison et al. [3,5,13] developed a detailed experimental protocol to calibrate the
Annex 42 model. The authors then presented a calibration of the model for a commercially available
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5.5 kWe/12.5 kWt ICE cogeneration device and later validated the model. The calibration and validation
used datasets from an installation that did not follow the experimental protocol but nevertheless
provided rich data for calibration and validation. The coefficients of both ηe and ηq were determined
from steady state measurements at different levels of electric power demand, cooling water flow rates
and cooling water inlet temperature. The influence of cooling water temperature and cooling water
flow rate on ηe and ηq was considered to be insignificant. The thermal capacitances ([MC] values)
and the thermal conductance ([UA] values) were estimated using parameter identification process.
The boundary and initial conditions were fed to the model and the outputs were compared to the
actual data. The [MC] and [UA] values were varied to minimize the error between the model output
and the actual data. This study used a generic platform independent optimization program, GenOpt
to determine the [MC] and [UA] values. GenOpt enables automatic optimization using advanced
search techniques to determine optimal design parameters by minimizing the cost function. GenOpt
drove the simulation software incorporating the customized cogeneration device model over multiple
simulations. The power output required from the generator, the coolant inlet mass flow rate and
coolant temperature were derived from experimental data and used as inputs to the simulation model.
The target optimization parameter was the cooling water outlet temperature, as it was the principal
coupling variable between the cogeneration model and the integrated system model. The calibration
parameters are summarized in Table 1.

Table 1. Calibration parameters reported in [5,13] for 5.5 kWe/12.5 kWt single-speed ICE µCHP.

ηe 0.27 ηq 0.66

[UA]loss 13.7 W/K [UA]HX 741 W/K

[MC]e 63,605.6 J/K [MC]cw 1000.7 J/K

Ferguson et al. who participated in the Annex 42 program later investigated the model’s reliability
by using a comprehensive comparative testing suite of all three simulation programs (EnergyPlus,
TRNSYS, ESP-r) and validated them using measured data [14]. The Annex 42 model did not employ
analytical validation due to the complex nature of cogeneration devices but rather utilized empirical
validation and comparative testing. Hence the researchers pursued the comparative testing first by
utilizing equivalent inputs and boundary conditions across all three simulation platforms using a
test suite comprising of 44 cases, in order to identify implementation errors. The calibration data
was derived from previous experimental studies [13] via an iterative approach as the original tests
were not designed to be compatible with the Annex 42 model. The empirical validation study later
proved the model’s suitability for representing a real-world cogeneration system. The comparison with
experimental data was pointed to be valid only under non-condensing operation as the calibration was
performed under such a condition. The Annex 42 model however accounts for condensing operation
by implicitly accounting for in the engine performance equations.

IEA’s Annex 42 combustion simulation model was calibrated and validated using a 6 kWe/11.5 kWt

natural gas fueled 952 cm3 reciprocating ICE µCHP [15] capable of modulating its output. The thermal
recovery from the water-glycol coolant mixture was accomplished in a plate heat exchanger and stored
in a water tank. The stored heat was directly utilized for building heating during the winter while
indirectly utilized for cooling via a lithium chloride absorption heat pump during the warm season,
as shown in Figure 2 below. Rosato et al. conducted a thorough experimental campaign under a range
of controlled boundary conditions to generate a data set encompassing both steady-state and transient
operational scenarios. Hundred and three empirically derived coefficients were acquired from the
calibration tests and used as inputs to the model, specific to the prime mover investigated. The key
approach included measuring primary energy consumption, electric power production and thermal
output to generate calibration data for the model. Detailed calibration procedures to determine the
103 model parameters were described.
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Discrepancies between the model structure and the experimental behavior were highlighted and
some modifications to the mathematical form of the Annex 42 were suggested by Rosato et al. In one
such discrepancy for instance, the model assumes no fuel consumption and heat generation during
cool down in contrast with the experimental behavior of the tested engine. Specific limitations of
the Annex 42 model for the treatment of steady-state and transient modes of operation were also
highlighted. For example, the Annex 42 model assumes that the µCHP transitions from cool-down
to normal mode via warm-up sequence, however, the investigated µCHP transitioned directly to the
normal mode without going through the warm-up state. Another discrepancy was also identified in
the study, where the influence of engine temperature on warm-up time was ignored by the model and
the authors considered the longest warmup time for the calibration data. Further experiments were
later conducted with different boundary conditions to validate the calibrated model. The adopted
experimental scheme is shown in Figure 2 below. The apparatus had the ability to operate in either
electric or thermal load following with optional heat rejection in case of overheating of the hot water
storage tank.

The authors noticed that the fuel usage, electric output and heat recovery were slightly under-predicted
by 1–6% compared to experimental data. Despite these transient discrepancies, the investigation concluded
that the Annex 42 model was reliable in accurately predicting both the steady state and dynamic response
of the tested cogeneration unit.

The same authors expanded the work to evaluate the influence of transient periods in assessing
an ICE based µCHP unit’s performance [16]. The authors concluded that the transient behavior
had negligible impact on electric power generation and fuel consumption prediction by the model.
However, due to the slow transient heating of the engine, the authors pointed that neglecting the
influence of thermal transition can overestimate the thermal output from the unit. This factor was
suggested to be significant at lower outputs (or lower load points). A revised experimental plan was
proposed to properly calibrate the model parameters in order to assess its reliability for evaluating and
predicting the system operation under various load conditions. The approach extended the time of
normal mode operation until >95% of the maximum µCHP efficiency (both thermal and electric) was
achieved. Using the revised calibration parameter values improved the model’s predictability of the
unit’s performance.

The Annex 42 model was again utilized to study the performance of an ICE based 6 kWe residential
building integrated micro-cogeneration system operated during the heating season using the TRNSYS
dynamic platform [17]. This study comprised of a CHP system supported by heat exchangers and
auxiliary boilers. Parametric analysis of the system was conducted in a similar fashion as that utilized
by Rosato et al. [15]. Additionally, the model was integrated with hot water storage tank model, boiler
model, and subjected to analysis in different building types and climatic zones while supporting
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electric, space heating and water heating loads. Primary energy savings were analyzed as a function of
electric and thermal load following scenarios and concluded that a larger thermal energy storage tank
was necessary to optimize the efficiency under any operating mode.

A separate study focusing on this thermal energy storage aspect was conducted by German
researchers where the research team investigated the capacity model and stratification model to allow
the µCHP system to operate in electric load following mode [18].

In conclusion, the Annex 42 modeling strategy has been successfully adopted by several researchers
in estimating the µCHP’s electrical and thermal efficiencies under a wide range of operating conditions.
Different shortcomings were identified and rectified in accurately predicting the performance of an
integrated µCHP, as discussed above.

2.2. Independent Models

Several researchers developed and studied customized approaches and models suitable for µCHP
configurations and operating regimes, independent of the Annex 42 model. The following discussion
reviews these modeling strategies.

Modeling of a µCHP system was conducted using high resolution experimental results from a
single cylinder natural gas fueled 4 kWe Otto cycle engine [19]. The research team developed and
tuned the model to match steady state test results followed by validation with transient experiment
results. The effect of regional variation, and the impact of thermal energy storage were also investigated.
The test unit consisted of several heat exchangers connected in series and finally integrated with hot
water storage tank via a plate heat exchanger. The engine was modeled using type 907 component in
TRNSYS using empirical performance data to determine the operating outputs. The desired electric
output derived the efficiency, and exhaust quality using the performance map. Schematic of the
laboratory µCHP system configuration utilized in this study are shown in Figure 3 below. In addition
to the PM, this work modeled the storage tank as a fluid filled constant volume tank divided into
isothermal temperature nodes to simulate the stratification environment. Thermal loss from the tank
to ambient was determined through empirical data at fully heated state. Experimental results were
used for the steady state calibration by operating the PM at fixed speed while discarding the heat
to the outdoors. Validation experiments revealed a 1.7% deviation in the observed thermal output
and considered satisfactory, given the measurement uncertainty and approximations for exhaust gas
specific heat values.
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One interesting aspect of this work was in the approach taken to model the transient behavior.
It was accomplished via validating the PM with and without tank model, in addition to testing the
real tank by itself to determine the nodes in the model. The research team also identified the PM’s
control strategy during this transient modeling. Integration of the validation experimental results with
transient control strategy of the PM in both scenarios (with and without tank model) under different
load profiles was conducted over a period of 160 h of simulation and compared with experimental
results. Some minor discrepancies were identified due to: (i) The simulation not accounting for PM
history, (ii) differences in stratification behavior, and (iii) standby losses. The authors concluded that
the adopted modeling approach yielded 0.5–1.8% error in thermal and electrical outputs.

A broader review of the trigeneration systems and the gaps in global energy modeling approaches
were discussed by Gu et al. [20]. The authors considered different PMs ranging from fuel cells,
turbines, and ICE devices and highlighted the gaps in modeling approaches. Some of the key factors
highlighted included: (i) Insufficient PM characterization data to represent the true performance of the
trigeneration system, (ii) Lack of research efforts in to reliability assessment of the CCHP microgrid,
and (iii) Uncertainties associated with energy management while interacting with renewable energy
and the grid.

A research team from China studied an ICE-based 25 kWe µCHP device considering overheat
protection controls. This group focused on addressing the mismatch between energy demand and
supply while optimizing the system design and operation/control strategy [21]. The authors developed
a new model in TRNSYS software platform environment by implementing overheat protection control
and status parameters of the exhaust gas. Overheat protection controls the temperature of the
engine (primary circulation fluid) and cooling water (secondary circulation fluid) below the set point
values. The unique aspect of this µCHP system was its ability to operate in manual, thermal priority,
and electrical priority modes. A schematic of the experimental setup is shown in Figure 4 below.
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model in the TRNSYS platform.

The dynamic simulation model was based on the Annex 42 model but considered an additional
control volume depicting the flue gas heat exchange and preventing overheating via a bypass loop
across this control volume, as shown in Figure 5 below. Governing equations for all four control
volumes were described in detail. The combustion control volume adopted the energy balance
according to Equation (9) below, while the engine control volume utilized Equation (10), using similar
nomenclature used in Equations (1)–(8). Qoverheat is heat transfer from the engine control volume to the
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surroundings through the cooling radiator, while εpro is the on(1)/off(0) state of the overheat protection
control:

m f lue
(
T f lue,out1

)
Cp f lue = Qgross + H f uel + Hair −Qgen − Egen (9)

[MC]eng
dTeng

dτ = Qgen −Q jacket,hx −Qskin, loss1 −Qoverheat . εpro (10)
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Three categories of tests were conducted to analyze steady state, thermal priority and electrical priority
modes of operation. At steady state, the heat exchange with the storage tank was completely bypassed
and utilized direct cooling with blast fans. The other two modes utilized a valve, pump open/shut scheme
to evaluate and control the onset of overheating temperature threshold. Different operational phases
such as stand-by, startup, and cool-down, were also defined, as in the Annex 42 model. One significant
difference in this particular model is the overheat protection control scheme where the governing logic
and control coefficients for bypass, protection, and unit were defined.

Calibration of the parameters was accomplished by averaging the data over a 60-min period
during steady state operation. The warm-up and cool-down test approach was similar to the tests
conducted by Rosato et al. [15]. Calibration of the dynamic temperature control scheme variables
during the thermal priority mode was conducted by adjusting the thermal load manually (on/off,
increase/decrease). Validation of the model was conducted via steady state and dynamic performance
comparison with experimental data. The authors concluded that the dynamic simulation model can
predict the performance to ~98.5% of the observed value if the start-stop interval of the unit is >30 min,
otherwise the predictability drops to ~90%.

Dynamic modeling of a megawatt scale CHP system was reported by a research group in Canada.
The team developed a complete model using Thermolib and Simulink software (MathWorks, Natick,
MA, USA) and validated it with system performance data from a real system. A 1.8 MWe natural gas
fired lean burn gas combustion engine-based CHP system was utilized for the study [22]. The CHP
system consisted of two stage heat recuperation and exchange to provide utility scale hot water and
electricity while operating under a heat following strategy, in conjunction with a set of auxiliary
boilers and thermal storage tanks. Underlying processes in each subsystem including the gas engine,
heat recovery and thermal storage modules were simulated by applying the engineering principles of
the combustion reaction, and mass and energy balances. Numerical data collected from the operational
CHP power plant were used for validating the model. Thermal conductance of the heat recovery
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subsystem’s heat exchanger was expressed according to Equation (11) and calculated based on the
CHP plant performance data. Each subsystem’s transient response for a 60-min period was utilized
to simulate the dynamic behavior. The developed model predicted the CHP’s thermal and electric
outputs reliably:

C =
1

A
Aixi

+
Aln

(
ro
ri

)
2ΠkL + A

Aoxo

(11)

The performance of a standalone trigeneration/CCHP system was analyzed by Rey et al. using an
internal combustion engine powered reversible heat pump coupled with thermal energy storage and
heat exchangers. The simulation model was constructed using available library modules as well as
customized models based on the experimental data of the real prototype [23], however, the authors
did not provide the governing equations for critical subroutines including the engine and the energy
storage. The model used equations relating the engine speed and heat pump state (on/off) with coolant
heat transfer and fuel consumption. Several operating modes were analyzed at different engine speeds
and the performance results were presented. The key contribution of this work was the methodology
applied via testing, modeling and validation through simulation.

A simplified simulation tool was developed and presented for modeling the transient behavior of
µCHP systems connected with thermal and electric storage units. The researchers unique approach
involved integration of the control logic within the model, all developed around an ICE as PM,
in Simulink software [24]. The model was divided in to six key modules: PM, thermal (TES) and
electric energy storage (EES), heating (DHG) and electric grids (EG), and the user (u). One of the
primary differentiating factors of this approach compared to other groups’ work is the implementation
of “time delay” in each subsystem allowing the estimation of both thermal and electric power during
transients according to Equation (12):

∂Pout

∂t
=

Preq − Pout

τ
(12)

This equation allowed the estimation of power output (Pout) vs. power required (Preq) under
transient conditions. The delay time τ accounts for the step input response of a first-order linear
time-invariant system, set at ~63% of the final value. This approximation simplified the model for
a very low computational time. The authors presented a detailed analysis of transient response of
each component in a separate work [25]. The correlations between exhaust gas temperature, electric
efficiency, and electric power output were adopted from previous work [26]. The architecture of the
complete simulation model utilized in this work is shown in Figure 6. One of the key differentiating
factors of this model was integration of the thermal energy storage (TES) module represented by
Equation (13) and electric energy storage (EES) module represented by Equation (14):

E(t) =
∫ ETES, max

0

[
(Pth,PM,out − Pth,PM,in

)
− Pth,TES,out,re f ] dt (13)

E(t) =
∫ EEES, max

0

[
(Pel,PM,out − Pel,PM,in

)
− Pel,EES,out,re f ] dt (14)
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and Venturini M. DHG-District heating grid, EG-Electric grid, EES-Electric energy storage, TES-Thermal
energy storage, PM-Primary mover. Green line represents electric power flow, Orange line represents
thermal power flow. Blue lines represent corresponding electrical thermal requirements from the user.

The energy stored in the corresponding energy storage module (TES/EES) was modeled utilizing
thermal/electrical power from the PM ((Pth/el,PM,out − Pth/el,PM,in), and the thermal/electric power
required to the TES (Pel/th,EES/TES,out,re f ). The model however did not account for the round-trip
efficiency. Governing equations for all other sub-systems along with the control logic were presented
in detail. Using this novel approach, dynamic effects are accounted for in a simplified way by the
simulation model. Also, the behavior at steady-state conditions was analyzed by identifying all energy
fluxes. Another significant outcome of this work is the control logic setup allowing the optimization
of thermal and electric energy outputs. The authors further extended their work [27] by utilizing
the developed model in a transient environment to evaluate the relative deviation between steady
state model instead of a dynamic model. The deviation was estimated as ~6% which can become a
significant energy penalty when considered over long duration of time, demonstrating the impact of
transient considerations on the overall reliability.

Given the significance of thermal energy storage in the reliability of the simulation model
environment, Campos Celador et al. developed thermal storage tank models to analyze the influence
of modeling strategy on the energy balance, its integration in the µCHP scheme and the reliability of
the global model [28]. A general approach in some of the µCHP modeling efforts considers only the
energy flow, neglecting the different temperature levels. The authors defined three different levels of
stratification viz. actual stratification model, ideal stratified water tank model, and fully mixed water
tank model. It was noted that in ICE-based CHP plants, the water in the tank shows an intermediate
temperature profile between the ideal stratified case and the perfectly mixed case, influenced by tank
design and CHP operation, and ultimately impacting the dynamic operation of the plant. These three
approaches were modeled in TRNSYS using one dimensional convection equation and transforming it
into a temperature dependent equation. The modeling equations were presented in detail along with
the cogeneration plant scheme and its equipment. The authors concluded that the modeling approach
did not influence the energy and exergy efficiency of the µCHP plant significantly, however differences
in economic feasibility of the three tank modeling approaches were identified.

The influence of accounting for transient losses across the thermal storage device has been
discussed and presented in a work performed by Thomas et al. [29]. This work utilized the DIN 4709
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standard (Directive 2004/8/EC of the European Parliament and of the Council on the promotion of
cogeneration) for evaluating the µCHP units, based on a 24-h test procedure providing a variable
thermal load. This study showed how the new standard identified a 3–6% performance loss in the
thermal efficiency, compared to the steady state approach.

Time domain modelling and dynamic analysis of CHP connected to the power grid was performed
by Xie et al. [30]. Based on the mass and energy balance, this paper analyzed the principles and
dynamic characteristics of the main CHP components, including gas internal combustion engine,
synchronous generator, waste heat exchanger, water storage tank, exhaust-heat boiler, and gas fired
boiler. Non-linear time-domain models for each subcomponent in the CHP system was built using
input and output parameters. The simulation method coupled all individual component models
with different time constants. The work in this paper can provide a theoretical basis for modelling,
joint scheduling, management, and development of various energies.

A recent study focused on biomass fueled 30–100 kW scale mini-CHP via mathematical
modeling [31], for applications in cold climates. The authors conducted this preliminary study
in order to estimate energy transfer related parameters to aid in identifying individual component
specification. The power plant consisted of a gasifier followed by a chain of heat exchangers for
water heating as well as engine air preheating and subsequent supply of the syngas in to the engine.
This study assumed three separate control volumes with energy flow between the fuel processor,
heat exchangers and the engine while relating variables to performance equations after utilizing
thermodynamic databases for fluid properties.

A hybrid power engine–heat pump (HPGHP) system was shown to provide 12% higher efficiency
compared to an engine driven heat pump when operated as a trigeneration unit [32]. This paper
mainly discussed the steady-state performance of the HPGHP system under different loads of the
compressor and focused on the establishment of a steady state model of the engine. The hybrid
configuration consisted of a 12.5 kW gas engine, a motor connected coaxially with the engine, Lithium
ion based electrical energy storage, and the heat pump. The engine was modeled through a correlation
between thermal efficiency, torque, and speed via a curved surface equation while the electrical model
accounted for state of charge (SOC) and state of health of the battery (SOH). The model of engine waste
heat recovery was simplified by assuming that the recovery coefficient is a single valued function
of engine’s waste heat, established by fitting experimental data. This coefficient was calculated by
Equation (15), where B is the mass flow rate of gas (kg/s), R is the calorific value of the gas, kJ/kg, Q is
the energy supply to the compressor, σ is the engine waste heat recovery coefficient, ηe is the thermal
efficiency:

Qy = σ (1− ηe) Q = BRσ(1− ηe) (15)

The control strategy adopted real time adjustments of the drive system operating conditions,
standing on the engine optimal torque curve combined with SOC. The developed model predicted
the SOC and SOH of the battery module accurately under both heating and cooling load scenarios.
The key takeaway from this study is the model configuration including the SOC and SOH of the battery
while coupling power distribution between the gas engine and the motor.

A hybrid ICE–Organic Rankine Cycle (ORC) CHP system was integrated and studied in detail
through whole system optimization framework. The authors considered design and operation of both
the ICE PM and secondary ORC engine simultaneously within the combined system to optimize the
overall system performance. The dynamic ICE model was combined with steady-state model of the
ORC for optimizing peak power and peak efficiency [33]. Thermodynamic model of the ICE system was
accomplished with a detailed set of ordinary differential equations (ODEs) by assuming: (1) each engine
cylinder was modelled as open control volume with fuel intake and exhaust gases, (2) heat addition to
the engine cylinder was modelled using the Wiebe function (Equation (16)), (3) heat transfer to the
cooling water was modelled using Woschini’s instantaneous heat transfer (correlation (Equation (17))



Energies 2020, 13, 3581 14 of 27

and radiation heat losses were model via Annand’s correlation (Equation (18)). Conservation laws
were applied for modeling heat transfer losses and represented by ODEs:

dxb
dϑ

=
nα
ϑd

{
1−

[
1− exp

(
−α〈

ϑ− ϑign

ϑd
〉

n)]} [
ϑ− ϑign

ϑd

]n−1

(16)

hg(ϑ) = 3.26P(ϑ)0.8Up(ϑ)
−0.8b−0.2

(
P(ϑ)V(ϑ)

m(ϑ)R

)−0.55

(17)

where ϑign is the ignition angle, ϑd is combustion duration time, ϑ is the crankshaft angle, α was
assumed to be 5 and n = 3. Instantaneous characteristic gas velocity was represented by the term Up(ϑ),
P is the pressure, b is the cylinder bore diameter, m is the mass flow rate, and R is the gas constant:

hc = α
kg

B
Re

0.7 + b

(
Tg

4
− Tw

4
)(

Tg − Tw
) (18)

where hc is the spatial average heat transfer coefficient, kg is thermal conductivity coefficient, B is piston
bore, Re is the Reynolds number, b is Annand constant, Tg is the zonal temperature, and Tw is the
wall temperature. Twenty one ODEs representing the complete ICE system’s thermodynamic model
were solved in MATLAB using the non-stiff ODE solvers ode113 and ode45. This model was later
successfully validated using specification sheets for natural gas fueled CHP-ICE modules. The optimal
integrated ICE-ORC CHP system was later shown to achieve up to 30% higher power output than a
nominal ICE based configuration. This study also looked at different CHP capacities and concluded
that the heat recovery factor was more favorable in medium-sized engines. This study provided a very
broad overview of the modeling approach and its impact on system performance. It also provides very
useful insights in to modeling considerations and their impact on hybrid systems involving waste heat
recovery utilization.

A techno-environmental model was also reported where ICE PMs fueled by biogas were shown
to achieve economic and environmental benefits while the influence of different sensitivity parameters
was presented [34–36].

Analysis and modeling of a residential micro-multi-generation system were developed from the
energy efficiency and economic assessment viewpoints [37]. The analysis was conducted on a complete
energy system consisting of a natural gas fueled ICE CHP supported by renewable photovoltaic plant,
a backup boiler, a thermal energy storage and an electrical energy storage module. This study is unique
as it accounted for both thermal and electrical energy storage for optimal performance, unlike most of
the previous studies involving just the thermal storage. Thermal storage was considered in the model
(Equation (19)) in order to decouple the heat production from the demand:

C
dTw

dT
= Pth,boil + Pth,CHP − Pth,us −U·S·(Tw − Ta) (19)

where C is the thermal capacity of the water inside the tank, Pth,boil is the thermal power provided by
the boiler, Pth,CHP is the thermal power provided by the CHP, Pth,us is the thermal power required by
the user, U and S are thermal transmittance and surface area of the tank while T is the temperature.

A recent study summarized the basic theoretical and practical concepts necessary to simulate and
optimize the design and operation of fleet of energy units of different configurations [38]. Particularly,
the paper presented variables and equations that are required to simulate the dynamic behavior of the
system, the operational constraints, and a suitable objective function. This paper serves as a guide for
researchers looking in to modeling CHP systems as it clearly demonstrates how to build the dynamic
model and frame an optimization problem. Essentially, this paper provides a general approach/recipe
to choose the CHP configuration to optimally utilize the available energy resources. The dynamic
modeling approach is based on Mixed-Integer Non Linear Programming (MINLP). The generic model
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was developed via hybrid black box—control volume approach where the energy devices with input
and output flows were combined with different energy transfer modes between the devices and with
the environment. The MINLP approach was applied using binary variables to represent on/off status
while the mass and energy balances were related through equations of state. Characteristic maps
represent the units linking fuel to its products. Power and energy amounts were considered in the
model using variables ϕ and Φ respectively, which depend on intensive and extensive quantities
(such as pressures, temperatures, mass flow rates, fluid properties etc.). The energy balance equations
of the general energy system included interconnections between energy devices, energy conservation
within these devices and finally their interaction with external environment. Energy conservation
assumed generic differential form shown in Equation (20) while the behavior of the energy storage
unit was represented via Equation (21):

dΦ j(t)

dt
=

∑
p
ϕ j,inp(t) −

∑
q
ϕ j,outq(t) −ϕ j,L(t) (20)

Φ j(τ) = Φ j(0) +

τ∫
t=0

∑
p
ϕ j,inp(t)·dt−

τ∫
t=0

∑
q
ϕ j,outq(t)·dt−

τ∫
t=0

ϕ j,L(t)·dt (21)

The symbol (t) means that the value of the variable is a function of time. The numerical subscripts
(1, 2, etc.) identify the number of the device and the subscripts in, out, and L refer to the flows of
fuel, product, and loss/emissions, respectively. Φj(0) is the initial value of the energy contained in the
storage unit, and Φj,in, Φj,out, and Φj,L are the total amount of energy sent to, taken from and lost by
the storage unit in the time period 0 to τ, respectively. The author then demonstrated the application
of the proposed guidelines of the generic model to develop an optimum design and operation of a
set of devices serving the thermal and electrical loads of the user via a hybrid PV configuration in a
district heating network. Additionally, system design optimization and energy storage optimization
was also presented in detail by considering linear characteristic maps of the energy conversion units
and applying linearization technique to the nonlinear constraints.

The potential utilization of biomass for generating syngas and subsequent utilization in a
reciprocating engine based micro-cogeneration system was reported [39]. Entire 20 kWel micro-
cogeneration plant was modeled by utilizing all waste heat streams in the gasification processes
ranging from feed drying to syngas generation. The interactions between different unit operations
were modeled, optimized, and validated. A comprehensive thermodynamic model was developed
using ThermoflexTM (Thermoflow Inc., Florida, USA) and GT-Suite® (Gamma Technologies, LLC,
Illinois, USA) software tools for modeling the gasifier and the engine respectively. GT-Suite®

is a one-dimensional simulation tool for evaluating concepts and detailed systems analysis and
optimization of diverse chemical and mechanical systems. The optimization process was done using
modeFRONTIER® (ESTECO SpA, Trieste, Italy) software package. The authors presented favorable
operating conditions for a balanced system operation with further recommendations for optimal
design configuration. Similarly, Chang et al. utilized the ThermoflexTM and GT-Power platforms
(Gamma Technologies, LLC, Illinois, USA) to model a rice husk-based biomass fueled ICE CHP system.
The authors showed the influence of gas composition on overall efficiency by modifying the 1D
numerical model representing the engine.

Yang et al. recently presented a hybrid engine-heat pump system and its control strategy and
optimization [40]. The reported system consisted of a primary drive along with heat recovery and
heat pump sub systems. Multiple linear regression theory and least square methods were adopted to
develop the correlation between thermal efficiency and engine torque. Instantaneous optimization
control strategy while considering SOC of the battery, similar to the approach discussed in [32] was
employed in this study. Based on their analysis, the authors identified optimal ranges of compressor
speeds for different modes of operation.
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Performance assessment of a combined heating and cooling power plant (CHCP) based on a 15 kW
internal combustion engine was investigated through 1-D thermo-fluid dynamic characterization [41].
The key focus in this study was the optimal sizing of the poly-generation plant and a flexible waste
heat recovery system (WHRS), delivering thermal power at different temperature levels using a 15 kW
scale compression ignition engine fueled by liquified propane gas. This study adopted a unique
configuration where the entire micro-CHP was housed inside an insulated container. Heat recovery
was accomplished via three different heat exchangers viz. (i) radiative heat recovery, (ii) coolant
stream heat recovery, and (iii) exhaust gas heat recovery, as shown in Figure 7. The engine was
modeled via one-dimensional approach for intake and exhaust pipes and zero-dimensional approach
for the cylinders. Equations representing the continuity, momentum, and energy aspects of the
0D/1D approach were detailed. The primary numerical model of the CHP was utilized to analyze
the performance of a more flexible WHRS. In this case, two separate circuits were employed to
yield different thermal outputs. The radiative and coolant heat exchangers were combined while
the exhaust heat recovery was kept separate, providing the thermal quality flexibility. Additionally,
the trigeneration system was also modeled using an absorption chiller.
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A multi-source integrated CHP system consisting of a biodiesel fueled ICE tied with ORC
bottoming cycle along with renewable PV and wind turbine for supporting thermal and electrical loads
of a commercial center was presented [42]. The authors utilized a thermodynamic model representing
the hybrid ICE-ORC system. A steady state condition was utilized in the model while the pressure
drops and heat losses were completely disregarded in this 100 kWel system. The authors however did
not discuss their model calibration and validation methods.

Application of a 4 kWe Otto cycle engine for meeting the energy needs of a residential building
was studied by Jung et al. [43]. The authors utilized TRNSYS software package for developing the
simulation model to operate the CHP in thermal load following mode. The CHP model was combined
with a stratified tank via a plate heat exchanger after recovering the heat from engine cooling jacket,
oil coolant, exhaust gas and the generator, similar to the configuration shown in Figure 7. Calibration of
the TRNSYS ICE module was carried out using experimental data from both steady state and transient
state measurements. The error in fuel use and electrical output was negligible and the thermal output
error was reported as 1.7%. Standalone stratified tank calibration and validation was carried out with
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experimental results. This study also observed a peak error of 4.8% without tank model and 7.4% with
tank model, between experimental and simulation predictions.

A district heating network (DHN) system’s control and optimization strategy was presented
in [44]. This study did not utilize any PM but rather managed the available energy to optimize thermal
utilization in a distributed network. The authors constructed a scaled-down version of the DHN to
benchmark advanced control algorithms by studying the thermal and hydraulic characteristics of
the original system. Details regarding the experimental setup and simulation considerations in this
study are relevant to the present review as it provides insights in to thermal load management in a
CHP configuration and provides a methodological approach in studying the thermal behavior of any
system. The thermal mass was represented by immersing the copper pipe carrying the thermal energy
in an acrylic water tank, representing the relevant heat transfer of the actual system. Uniform thermal
distribution was achieved by adding an impeller to the tank. A Peltier junction was added to the
outside of the tank to mimic heat loss to the ambient. Mathematical representation of the temperature
dynamic in the thermal mass was accomplished via nonlinear first-order system while applying the
energy conservation law, shown in Equation (22). Where cv is the specific heat of water, V is the volume
of thermal mass, ρ is the density of water, TTM is the thermal mass temperature, Qpelt is the rate of heat
rejection through the Peltier. Qin is the heat flux from the copper pipe (Equation (23)) and Qamb is the
thermal loss to environment (Equation (24)), h is the convection heat transfer coefficient, mTM is the
mass flow rate of the hot water through copper pipe, As is the convection surface area, Tin and Tout are
the temperature of the water at the inlet and outlet of the copper pipe, the subscript t indicates the tank
thermal mass, while subscript C refers to the copper pipe:

cvVρ
dTTM(t)

dt
=

.
Qin −

.
Qamb −

.
Qpelt (22)

.
Qin = hc

( .
mTM

)
AS,C

(Tin − Tout

2
− TTM

)
(23)

.
Qamb = ht AS,t(TTM − Tamb) (24)

The model was further expanded with rest of the equations representing the pressure losses,
flow velocity, and ambient thermal losses and implemented in MATLAB/Simulink, followed by
individual component calibration for each thermal mass. Validation experiments revealed <1% error
in temperature predictions.

Modeling of a CHP system with a downdraft gasifier consuming biomass and providing electrical
and thermal energy from a 300 kWe ICE-based system was studied [45]. This study developed a model,
based on thermodynamic equilibrium calculations in Engineering Equation Solver (EES), was later
validated using values from the open literature. Exhaust gas stream from the ICE was utilized in
treating the biomass feed for optimizing the size and overall system efficiency.

A study focusing on modeling a hybrid internal and external combustion engine-based CHP was
recently reported [46]. Variable power output and exhaust gas from the internal combustion engine
was utilized for operating a stirling engine, both modeled using the same approach of zero-dimensional
model reported above. A thorough detail of the mathematical model along with equations representing
the instantaneous temperature and pressure rate of IC engine, rate of total thermal loss, recoverable
thermal loss, non-recoverable thermal loss to surrounding, convective and radiative heat transfer
coefficient, and heat output in various parts of the system were presented. For the case of micro-CHP,
the key governing equations of interest, representing the thermal availability are provided below:

dQt

dθ
=

dQrec

dθ
+

dQnon-rec

dθ
(25)

dQrec

dθ
=

dQex

dθ
+

dQcool
dθ

(26)
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dQnon−rec

dθ
=

dQloss
dθ

(27)

dQex
dθ , dQcool

dθ , dQloss
dθ represent rate of recoverable thermal loss from exhaust, cooling system and

non-recoverable thermal loss to surrounding, respectively. Annand heat transfer model was used to
calculate the heat transfer between cylinder wall and gas, as shown in Equation (28), the convective heat
transfer coefficient (hc) according Equation (29), and radiative heat transfer coefficient (hr) according to
Equation (30):

dQcool
dθ

= (hc + hr)A (T − Tw)
( 1
ω

)
(28)

hc = b
(
ρgasupB
µgas

)0.7 kgas

B
(29)

hr = 4.25e−9
(

T4
− T4

w
T − Tw

)
(30)

where A, Tw, ω represent area of heat transfer, cylinder wall temperature, and average speed of gas at
cylinder, respectively. Also, kgas, ρgas, B and µgas are piston speed, gas thermal conductivity, cylinder
bore and gas dynamic viscosity, respectively. Together, these governing equations predicted the rate of
heat output in various components of the IC engine. Stirling engine modeling was conducted using a
set of differential equations. The key differentiating factor in this modeling approach was the simplicity
and calculation speed without needing combustion details. The zero-dimensional models are divided
into different zones, similar to the control volume approach used in majority of the previous models
but using double-Wiebe function to predict the unburnt fuel mass. The authors also laid out a flow
chart of the CHP modeling approach where the first step involves technical specifications of the engine
along with initial conditions of the IC for the zero-dimensional model. The next step involves utilizing
the evaluated temperature and heat output of exhaust gases for the heater of the stirling engine.
A combined analysis of both engines predicted complete technical, economic, and environmental value
of the CHP.

Application of artificial neural network (ANN) model for simulating a dual fuel internal
combustion engine fueled by biogas and diesel fuels, at a 3.5 kW capacity was recently reported.
The authors developed a novel ANN model of the engine while utilizing biogas as the primary fuel,
generated from batch scale biogas digesters [47]. The ANN model was designed to estimate fuel and
air flow rates along with exhaust gas temperature while considering the key input layer parameters of
engine power, fuel flow rate and methane content of the biogas feed. The models were validated using
two criteria, minimization of root mean square error (RMSE, Equation (31)) and the value of R-squared,
representing the absolute and relative measure of fit, respectively:

RMSE =

√√ n∑
i=1

(OutputCali −OutputMesi)
2/n (31)

OutputCali and OutputMesi are respectively the ith calculated and measured output values and n is
the total number of measured output data. The ANN-based model was shown to provide reliable
engine performance parameters of electrical and thermal outputs however the integration of the engine
with a true micro-CHP model including the intermediate heat exchanger for thermal utilization was
not carried out.
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A novel methodology was recently proposed for designing and modeling polygeneration systems
by combining pinch analysis, mathematical programming, and heat/mass flows in the energy processing
system [48]. The complexity of polygeneration systems is high compared to simple CHP systems as
there are numerous energy providers and consumers with different thermal quantities and qualities.
The methodology combines pinch analysis via problem table algorithm with Mixed Integer Linear
Programming (MILP) while characterizing thermal energy flow between different system components
and allowing flexibility to exchange heat energy in different temperature intervals. This study utilized
Open Problem Table (OPT) approach where the energy suppliers and consumers were connected
with virtual heat exchanger network where physical and structural constraints were imposed in
synthesis and design optimization problems. The study detailed the OPT structure in a detailed
fashion where heat cascade from hot to cold systems while balancing the heat in a temperature interval
was represented by a set of equations. The authors considered information from the data sheet of a
commercial 6 MW gas engine and setup the problem table specifically considering all four primary heat
sources and corresponding thermal properties viz, engine exhaust (ieg), cooling water (ijw), lubricating
oil (ilo), and charge air (iac), a generalized version of which is shown in Table 2 below, where hot
flow i present in time k is represented for individual hot sources, m is the mass flow rate. This table
represents potential cogenerated heat supplied by the hot flows in each temperature interval along
with that of cold flows (j) in the same temperature interval, shown as energy for central heating (jas)
and saturated steam in a boiler (jad). QO and QD represent heat supplied by the hot flow i and heat
consumed by the cold flow j, respectively.

Table 2. Problem table of the engine’s heat production.

Temperature, T Interval k QO(ieg) QO(iac) QO(ijw) QO(ilo) QD(jas) QD(jad)

X deg C 1
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The optimization model was composed of decision variables representing: technologies and
their sizes (kW), operational loads in each time period, energy resources (e.g., grid electricity, fuel),
heat supply and demand in each temperature interval, and heat surplus from one temperature interval to
the next (heat cascade). The technical and economic feasibility of installing various types of technologies,
including gas engine, gas boilers, single and double-effect absorption chillers, and mechanical chillers,
was assessed using the MILP model in the LINGO software package, demonstrating optimal energy
utilization for a hospital building energy application.

Olympios et al. applied a new design based on multi-objective real-time operation control of a
CHP system [49]. Stochastic optimization technique considering risk within the optimization problem
was presented for practical application of CHP systems. For model simplification purposes, this work
considered three linear relationships between fuel input, heat output and electrical output at different
loads on the engine as the key focus was to reduce risk to help size the CHP’s engine appropriately.

Chen et al. reported a hybrid 100 kWe ICE—Geothermal heat pump system optimized for
specific building applications via multi-criteria method based on energy, economic and environmental
factors [50]. Conservation laws were applied for energy balancing while a simple correlation relating
efficiency (ηEL) to electric power (EICE), shown in Equation (32). The waste heat output of the exhaust gas
(Qex) and coolant (Qjw) were determined via polynomial fitting curves, shown in Equations (33) and (34),
where b and c constants and PLRICE is the part load ratio:
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ηEL = 28.08 (EICE)
0.0563 (32)

Q jw =
(
b1 PLR2

ICE + b2 PLRICE + b3
)

EICE (33)

Qex =
(
c1 PLR2

ICE + c2 PLRICE + c3
)

EICE (34)

The authors utilized data sets of commercial engines for the electrical efficiency, and compared
jacket water and exhaust gas factors calculated from the above equations with ASHRAE’s statistical
data set and reported RMS errors of <2%.

A multi-scale framework for the capturing the variations in the performance and cost of CHP
systems and heat pumps with scale (size, rating) and operating conditions using data-driven models
based on an extensive analysis of commercial products was presented [51]. The authors studied
several commercial ICE-CHP products’ thermal and electrical efficiencies in the range of 1 kWe to
9 MWe, and notied that the electrical efficiency drops by ~5% while thermal efficiency increases by 5%
when an engine is operated at 50% of the rated power. This study proposed two simple two-layer
feed-forward neural network fits to predict the average performance between 50% to 100% part-load
levels. The networks were trained using Levenberg-Marquardt back propagation algorithm and
10 hidden neurons. 70% of the data points were used for training, and 15% each for validation and
testing. The authors also presented heat exchanger (HEX) modeling methodology where these HEXs
were discretized into series of equal temperature or equal enthalpy increments.

3. Discussion and Conclusions

The application of µCHP has been shown to reduce primary energy consumption coupled with
environmental benefits associated with lower GHG emissions. However, the true savings were
shown to be greatly influenced by the control mode adopted: thermal load following vs. electrical
load following. Transient heat and power demand variations influenced the overall effectiveness
significantly. Therefore, accurate prediction of µCHP output under steady-state as well as transient
operating conditions is critical to developing µCHP control schemes and determining the economic
viability of their applications. Several researchers developed and tuned the models and approaches to
predict the behavior of specific equipment and their integration into buildings. Due to the complexity
of the physical processes that take place to produce power in ICE, first principle modeling of µCHP is
impractical to implement for building applications. It would require level of details that are usually
not available to users. Therefore, all µCHP energy simulation models fall into either grey-box or
black box category. Both categories require the availability of performance data of the µCHP system
under investigation for calibrating the parameters of the model. Grey-box models are more versatile.
The same set of equations can be directly used for different µCHP systems and can be easily modified
to accommodate differences in system topography. Black-box models on the other hand are easier to
develop. However, a black-box model architecture that is developed for certain system may not apply
to a different system.

A summary of the modeling strategies, optimization approaches, benefits and advantages of
different studies discussed in Section 2 is outlined in Table 3.
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Table 3. Summary of different modeling methodologies reviewed in the paper.

Prime Mover, (kW) Energy Storage Approach/Methodology Advantages Optimization Ref

Combustion Engines,
Fuel Cells (<15 kWe) Hot water storage tank Control Volume. Model

calibration with empirical data
Simplicity, reliability if empirical data
is utilized

Thermal capacitance and conductance
optimization with GenOpt [13]

ICE, 5.5 kWe
Simulation in TRNSYS,
ESP-r, Energyplus

Annex 42 model-based control
volume approach

Non-traditional calibration
procedure—using optimization tools

single- and multi-objective
optimization algorithms [14]

ICE, 6 kWe Hot water tank Annex 42 modelling approach.
Electric load following mode

Detailed calibration methodology,
Transient mode considerations GenOpt optimization approach [15,16]

ICE, 6 kWe
Variable capacitance hot
water storage tank

TRNSYS dynamic platform,
control volume approach

Parametric study similar to 14;
Sensitivity of energy flow with variable
thermal storage volume

Electrical and thermal load following
modes of operation to optimize
the savings

[17]

Otto cycle Engine, 4 kWe
Hot water storage tank,
stratified model

TRNSYS component-
based model.

Detailed transient test approaches and
their implications on model reliability

Model tuned to match simulated
outputs with experimental results [19]

ICE, 25 kWe, CCHP
TRNSYS hot water
storage tank module-
based model

Modified Annex 42 approach
with additional control volume
preventing overheating via
bypass loop

Models ability to operate in manual,
thermal priority and electrical priority
modes. High level of model detail and
calibration methodology

Dynamic simulation model without the
need for any optimization [21]

Reciprocating Gas Engine,
1.3 MWe

Thermal storage tanks

Dynamic and steady-state
performance data from an
operating plant was used to
develop the model using
engineering principles

Reliable dynamic
performance prediction - [22]

ICE, <50 kWe
Thermal and
Electrical Storage

Six different components
(including user demand)
in the CHP were
independently modeled

Implementation of delay subsystem
yields high transient
performance reliability.

Optimal thermal and electrical energy
storage-based configurations.
Simplified representation of
dynamic effects

[24,25]

Otto Engine, 125 kWe
Stratified thermal
storage module

Three different levels of
stratification were modeled along
with all energy flows

Influence of temperature level in the
tank on energy efficiency and
economics is modeled

- [28]

ICE-ORC Hybrid,
2.5–5 MW None

ODEs representing conservation
laws while using reliable heat
transfer correlations such as
Wiebe, Woschini, and Annand

Provides guidelines on suitable ICE
designsfor waste heat recovery projects Whole system optimization framework. [33]

Generic CHP Model Flexible design
consideration

Based on Mixed-Integer Non
LinearProgramming (MINLP)

Generic dynamic modeling approach.
Provides guidelines for system
definition, and specification.

Generic, low computational
effort framework [38]
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Table 3. Cont.

Prime Mover, (kW) Energy Storage Approach/Methodology Advantages Optimization Ref

ICE, 15 kWe
Waste heat recovery and
direct utilization

Modeled according to the
continuity, momentum,
and energy equations through
1D thermo-fluid
dynamic characterization

Flexible waste heat recovery system
with multiple temperature levels of
thermal output

Optimal sizing of the polygeneration
plant based on flexible heat recovery [41]

Otto Engine, 4 kWe
Stratified storage
tank model

TRNSYS component based model,
calibrated with empirical data

Application of commercial software to
design, optimize and validate a
complete residential building
CHP system

TRNSYS optimization [43]

Hybrid ICE-Stirling,
85 kWe

Direct heat utilization

Zero-dimensional mathematical
model with single zone
consisting of operating fluid as
the thermodynamic system

Simplified system representation with
high reliability

Electrical output optimization via waste
heat utilization in secondary power
generation unit

[46]

Biogas-Diesel ICE,
3.5 kWe

No thermal storage
Artificial Neural Network (ANN)
based approach while
minimizing the RMSE value

Reliable engine performance prediction
showing the electrical and
thermal outputs

Iterative selection data optimization for
ANN design optimization. [47]

3MWe,
polygeneration system None

Open Problem Table (OPT)
combining pinch analysis
with MILP

Novel approach for complex systems
containing multiple sources and sinks

MILP model with multiple
decision variables [48]
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The Annex 42 model, which falls in the grey-box category, is the most widely adopted model
to simulate the energy performance of µCHP. The model reflects the underlying physical processes
while relying on parametric equations relating inputs and outputs. This model has been independently
calibrated and validated for numerous ICE based µCHP systems. However, further development is
required to improve the impact of transients such as start-up and shutdown on the model’s thermal
predictions. Accuracy of thermal capacitance and overall thermal conductivity of the components in
various control systems is necessary for a reliable model. Despite the availability of several publications
that reported on the experimental calibration of the Annex 42 model, there remains a need to develop
procedure for that calibration. Furthermore, the time step of the calibrated model was not addressed in
any of those publications. Buildings energy simulation models typically run larger time steps than
physics models. Available literature did not address how large of a time step could be used while still
maintaining numerical stability of the µCHP model solution. There is a need to investigate that issue
and how it affects the sampling rate of the experimental data. Modeling strategies and methodologies
prescribed in the work presented in [15,16,19,21,24,25,33,38,48] provide invaluable guidance towards
designing and optimizing µCHPs and their hybrid configurations using renewable sources.

Based on the reviewed work, the authors suggest a closer look in to the following topics to help
cement the µCHP as an efficient and resilient energy source to address the growing needs of the
population driven by economy and new energy consumers entering the marketplace (e.g., electric
vehicles). Thorough consideration of the following aspects in the model is recommended for enhancing
the reliability and predictability of a global µCHP model:

• Develop/refine models to address discrepancies associated with transient behavior—startup,
cool-down, stand-by, interval between start and stop cycles, and delay time in these transient
conditions. These aspects have been shown to improve the thermal efficiency of the system and
are crucial for a reliable model.

• Develop reliable schemes to analyze the performance of thermal and electric energy storage
modules over a broad range of operating conditions. These models must be designed such that
the integration-related discrepancies are accounted for appropriately.

• Properly account for condensation of the flue gas exhaust stream in the PM model as well as its
integration with thermal storage model

• Simulation results have been proven to be impacted significantly by the time-step used in the
model. This factor must be considered for developing the model and utilizing the calibration data
in a meaningful form

• Broader operational and experimental results need to be collected to study and characterize the
PM thoroughly

• Storage system model must balance the accuracy of the PM model
• System design approaches focusing on cold climate applications—µCHP systems are ideal

resources for cold climate applications where the heat demand is high, and the grid resources
are vulnerable

• Thorough consideration of the governing physics and chemistry of the model to improve the
accuracy of complex systems

• Expansion of the µCHP model to integrate thermally driven heat pump technology for maximizing
the energy efficiency

• Examination of co/trigeneration system models for applications in communities, non-residential
buildings, and other large facilities

• Application of these models to address commercialization issues to help wider market adoption.

The last two decades have witnessed a significant amount of work aimed at developing reliable
mathematical models of µCHP systems, their application in real world scenarios and understanding the
complexities associated with integration into the building environment. Development opportunities
surrounding the modeling of prime movers and their integration with energy storage technologies
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were identified by several researchers. Publically available software platforms have evolved to design,
improvise, and develop reliable cogeneration simulation models which will aid in further development
of reliable, efficient, and resilient µCCHP products.

Energy utilization in buildings is a challenging subject, influenced by the building’s thermal and
electrical demands, and primarily impacted by mismatch between the energy demand and supply.
As a result, energy storage must be an integral part of the µCHP system to fully utilize the benefits of
distributed generation. A fully integrated optimal µCHP configuration is underexplored as there are
numerous possible solutions, which leads to the need to utilize software programs that help design the
ideal system.

Author Contributions: P.C. carried out the concept paper development, conducted the literature study, prepared
the paper structure, aim, objectives, research focus, analyzed the literature, as well as writing the paper.
A.A.-H. analyzed the available literature, advised on the research gaps and objectives, and proofread the paper.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Building Technologies Office, U.S. Department of Energy, grant number
NFE-19-07946.

Acknowledgments: This research was supported by the DOE Office of Energy Efficiency and Renewable Energy
(EERE), Building Technologies Office and used resources at the Building Technologies Research and Integration
Center, a DOE-EERE User Facility at Oak Ridge National Laboratory.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

CHP Combined Heat and Power
DG Distributed Generation
EES Electric Energy Storage
GHG Green House Gas
HX Heat Exchanger
ICE Internal Combustion Engine
IEA International Energy Agency
kW Kilo Watts
µCHP Micro CHP
MW Mega Watts
NG Natural Gas
ORC Organic Rankine Cycle
PEMFC Proton Exchange Membrane Fuel Cell
PHX Plate Heat Exchanger
PM Primary Mover
RPM Revolutions Per Minute
SOFC Solid Oxide Fuel Cell
TES Thermal Energy Storage
TRNSYS Transient System Simulation Tool
HEX Heat Exchanger
Symbols
a: b Coefficients
A Area
C Thermal conductance
cp Specific heat at constant pressure
∂ Partial derivative
E Energy
H Enthalpy
L Length
MC Bulk thermal capacitance
m Mass
η Efficiency



Energies 2020, 13, 3581 25 of 27

P Power
Q Heat energy
r Radius
Re Reynolds number
t time
T Temperature
τ Time Delay Constant
U Heat transfer coefficient
x Concentration
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