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ABSTRACT

This article presents and validates a dynamic model of a natural gas-run micro-CHP boiler, whose primary
mover is a Stirling engine. From a preliminary literature review on the modelling of this kind of devices, and
taking into consideration the goal of performing full system simulations, a semi-empirical one is proposed.
Specifically, the model consists of the direct application of general mass and energy conservation principles,
supported by empirical expressions based on parametric factors that must be determined experimentally.
For that purpose, an experimental test-rig was developed, and a full characterization of a Stirling unit was
carried out in order to calibrate the model. Unlike other previous models, the one developed throughout this
article fully takes into account both the dynamics that occur during the start-up and cool-down periods, as
well as the partial load performance of the engine, providing high precision results while maintaining the
simplicity required in energy simulation environments. Calculations during the validation phase show that,
when operating at normal conditions, the model is able to reproduce the electricity output and the water
delivery temperature with errors below 2.4% and 0.9% in any case, respectively; while during a full-length
test, the mean errors for the energy exchanges due to fuel input, thermal output and electrical output were

1.4%, 0.4% and 0.1%, respectively.
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Nomenclature amb Relative to indoor ambient conditions

Adj-R? Adjusted coefficient of determination comb Relative to the combustion
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¢ Specific heat
E Electricity (the “-” above indicates power)
F Fuel energy (the “” above indicates power)
H Enthalpy (the “” above indicates power)
m Mass (the “-” above indicates flow)
MC Thermal mass
p-value Probability
Q Heat (the “-” above indicates power)
T Temperature
UA Effective heat transfer coefficient

Abbreviations
AB Auxiliary burner
BES Building energy simulation

CHP Cogeneration

CVRMSE  Normalized root mean square error
DHW Domestic hot water
ECU Electronic control unit
EU European Union

LCCE Laboratory for the Quality Control in Buildings
LHV Lower heating value

NMBE Normalized mean bias error
PLC Programmable logic controller
SE Stirling engine

UCHP Micro-cogeneration

Greek symbols

o Part-load ratio
n Energy efficiency
Subscripts
ab Relative to the auxiliary burner
air Oxidizing air

1. INTRODUCTION
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Superscripts
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Relative to condensing water vapour
Relative to the cooling water
Relative to the inlet cooling water
Relative to the outlet cooling water
Relative to electricity

Relative to the engine-block

Relative to the exhaust gases
Relative to fuel

Relative to gross output

Relative to the head of the engine
Relative to the heat exchanger

Relative to heat losses
Relative to net output

Relative to nominal conditions
Relative to reference values
Relative to the Stirling engine
Relative to shut-down process

Relative to standby-mode

Relative to heat

Relative to normal conditions
Relative to the auxiliary burner
Relative to electricity

Relative to fuel

Relative to limit conditions
Relative to maximum values
Relative to reference values

Relative to the Stirling engine
Set-point

Relative to heat

Buildings play an essential role in energy consumption, as they represent about 40% of the total final energy

consumed in the European Union (EU), as well as 36% of the greenhouse gas emissions [1]. Consequently,

adopting energy efficiency measures and promoting renewable energies is nowadays an indispensable aspect

for accomplishing two of the three key targets included in the 2030 climate and energy framework (32.5%

increase in the energy efficiency and 40% reduction of CO, emissions) [2] and on the path towards being

climate neutral in 2050, as stated in the European 2050 long term strategy [3]. In this sense, as noted in
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Directive 2012/27/EU on energy efficiency [4], recently corroborated in the Clean energy for all Europeans
package through Directive (EU) 2018/844 [5], combined heat and power (CHP) in general and micro-CHP in
particular, is a cornerstone for getting reductions in primary energy consumption and pollutant emissions in
residential applications [6, 7]. Amongst the main technologies susceptible to being installed in single-family
or small multi-family houses, the Stirling engine (SE) appears as an emerging technology which can provide
those intrinsic benefits of micro-CHP, but also those attributable to the Stirling technology itself, such as

multi-fuel capability [8] and low emissions, both from the acoustic and pollutant points of view [9].

However, despite all the research and development projects and studies which have been undertaken around
this technology in the last few years —summarized in the review presented by Wang et al. [10]—, there are
some technological challenges that must be overcome [11]. Additionally, it is worth noting that there is still
a long way to go before it becomes competitive in the small residential sector, both technically (no full-length
global testing has been conducted) and economically [12, 13]. Thus, beyond laboratory and field-test-based
experimental research which are indispensable, simulation-based studies also become necessary.
Specifically, these studies allow optimising the integration of SE within thermal plants [14] and the
subsequent application to assess the energy, environmental and economic performance of actual
applications under specific operating constraints (e.g., [15-17]), which will open up the possibility for

providing improvements in their design, operation conditions and analysis.

A very exhaustive modelling review was presented by Kelly and Beausoleil-Morrison [18]. In this work, they
revealed that, whereas several combustion engine-based models developed for general analysis exist in the
literature (e.g., Dochat [19], Heywood [20]), small-scale cogeneration models addressed to building energy
simulation tools are scarce. According to the classification of combustion engine-based models by Urieli and
Berchowitz [21] —lately extended by Kelly and Beausoleil-Morrison [18]—, amongst parametric or zero-order,
first-order, second-order and third-order models, most of the models available in the literature fall into the
last two categories and were developed for the analysis of engine phenomena occurring over very short time

scales.

In this sense, during the last few years, several works attempting to model the performance of Stirling engines
have been presented, based on both thermodynamics [22, 23] or thermoacoustics [24]. Nevertheless, as
mentioned by Valenti et al. [25], whereas detailed numerical models are especially useful for improving the
designs of generation devices by evaluating the major sources of energy waste and optimizing geometries of
both the engine and the heat exchangers, this is generally beyond the scope of building energy simulation
(BES). On the contrary, BES is more sensitive to those energy aspects that relate the operation of a specific

micro-CHP device with the rest of the components of the installation to be simulated, as well as the building
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whose loads are to be met; thus reducing the need for a rigorous modelling of the complex processes taking

place within.

Focusing on building-integrated combustion Stirling engine-based CHP modelling, Pearce et al. [26, 27]
studied the annual performance of Stirling engines in comparison to measured and calculated residential
heating loads by assuming constant seasonal efficiencies. This modelling approach neglected the effects of
different control strategies and thermal storage, which are of great interest when investigating the

integration of this technology in residential buildings.

Thiers et al. developed a black-box model for a wooden pellet-fuelled 3 kW, Stirling unit [28]. Their approach,
based on hourly intervals, consisted of a simplified parametric model using the information obtained through
steady and dynamic tests carried out. Its quasi-static nature and, especially, the impossibility of calibrating
the model for other Stirling units, were the main limitations of their approach. In the same vein, Conroy et
al. developed and carried out a field trial data-based validation of an easily customizable dynamic energy
model for a 1 kW, and 8 kW, Stirling engine [29]. The model developed was based on empirical equations
which were specific to the engine under study. Thus, one of the main purposes of the work was to provide
installers of the aforementioned engine with a tool to predict both thermal and electric outputs using the
heat demand profile of a given dwelling, as well as for policy-makers to explore the sustainability of the micro-
CHP unit in different house types for larger scale deployment. More recently, Uchman et al. presented a data-
driven model for time-domain evaluation of a free-piston Stirling micro-CHP system [30]. The model,
implemented in Matlab-Simulink, relied on measurements gathered during long-term operation with
variable thermal load; nevertheless, due to its nature, the model is practically impossible to apply outside

laboratory conditions.

Cacabelos et al. [31], as a continuation of a previous work [32], went for a different modelling approach. They
developed a one-dimensional grey-box dynamic model of a commercial micro-CHP unit, consisting of two
lumped masses and a heat exchanger, based on components from the TRNSYS libraries. Even though their
modelling approach was very interesting, some of the proposed geometrical and operation parameters are
generally hard to get from the manufacturers. The main weaknesses of the model were the lack of modelling
of the fuel input, the neglect of heat losses to the surroundings, and the dynamic nature of the data sets used

for calibration and validation.

Kelly and Beausoleil-Morrison [18] took a step forward in this area with the modelling approach developed
under the working lines of the IEA’s Annex 42, which aimed to predict the thermal and electrical outputs of
the residential micro-CHP devices. Their semi-empirical model, which partially relied on experimental data,
was developed with the aim of being used in conjunction with BES environments, and therefore, allowing the

technical, environmental and economic performance of micro-CHP devices to be assessed within full-scale
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simulation environments. Basically, this means that the model must interact with the rest of the model
domains within the simulation project on the basis of a given time-step. This model presented important
improvement margins, especially regarding transient phases and part-load operation. Lombardi et al. [33]
reviewed the Annex 42 model and proposed some improvements and simplifications by means of a linear
difference model based on experimentally determined linear coefficients and reference parameters.

However, the full model was not validated.

Following the same modelling approach, in 2014, Bouvenot et al. presented a simpler semi-physical dynamic
model of a gas-run micro-CHP boiler for its implementation in building-simulation environments, which was
validated via experimental tests [34]. However, this model was only valid for non-modulating Stirling devices.
It overlooked the fuel overshooting which takes place in this kind of devices during the warm-up period, and

the validity range excluded typical temperatures in traditional radiator-based space heating systems.

In this paper, taking both the approaches of Kelly and Beausoleil-Morrison (with the subsequent
improvements introduced by Lombardi et al.) and Bouvenot et al. as references, a BES-integrated dynamic
semi-empirical grey box model for a natural gas-run micro-CHP boiler, whose primary mover is a SE, is
developed. The main goal of the work is to improve the existing dynamic models of SE-based micro-CHP
systems. As a novelty, the model herein presented enhances the analysis of the dynamics that occur during
the start-up and cool-down periods, better approaches some steady physical phenomena while maintaining
the simplicity required within BES environments and, unlike some other previous models, it also tackles the
traditionally overlooked part-load performance of the system. Furthermore, the model is calibrated and
validated for the whole temperature range that can be used in the domestic sector. To do so, a full
characterization of a 1 kW, Stirling boiler is also assessed. In this sense, the experimental test-bench

developed, where the tested device could be implemented for its individual testing, is also introduced.

2. MODELLING APPROACH

A Stirling engine-based micro-CHP system is a primary energy conversion system which produces a
simultaneous output of electricity and heat for domestic use. While the SE, i.e., the prime mover, drives the
generator that produces electrical power, useful heat for space heating and DHW is obtained through a heat
exchanger that recovers waste heat from both the engine casing and the combustion exhaust gases.
Additionally, as depicted in Figure 1, many of the manufacturers of these micro-CHP units also include an
auxiliary burner (AB), mounted on the heat exchanger, which operates when the heating demand is increased

above the capacity of the main burner.
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Figure 1 — Basic layout of a Stirling engine-based micro-CHP unit (adapted from [35]).

As discussed in section 1, a grey box modelling approach is proposed in this paper. Thus, the model is based
on the general mass and energy conservation principles, supported by empirical expressions that rely on
parametric factors that must be determined experimentally. In this way, the main objective of the model is
to predict, semi-empirically, the main energy flows of SE-based micro-CHP devices —fuel consumption and

electric and thermal productions— using the same approach for both generators, the SE and the AB,

separately.
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Figure 2 — Mass and energy flows of the Stirling micro-CHP unit: actual (left) and simplified (right).

Actual mass and energy flows taking place through an engine are schematized in Figure 2 (left). Nevertheless,
for modelling purposes, these processes are reordered and the energy balance is posed as depicted in Figure
2 (right). Thus, heat absorbed from the engine and the exhaust gases in the heat exchanger are lumped
together within an effective heat transfer process between the engine and the heat exchanger (recoverable

heat), so simplifying the actual phenomena.

According to the aforementioned modelling topology, three control volumes (systems that exchange energy
and mass) and a control mass (a system that only exchanges energy) were set out to model the dynamic

thermal performance of the micro-CHP combi-boiler, as depicted in Figure 3:
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- burner or head of the engine control volume,
- engine block control mass,
- heat exchanger control volume corresponding to the Stirling engine operation, and

- auxiliary burner control volume when extra heat is required.

All the components are supposed to be thermally defined by a unique mean temperature.

Hfuel exh

j [M C] head :(>

. H
Hse . ce cw,i
air cond l';
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Figure 3 — Control mass and volumes used in the dynamic thermal performance modelling of the Stirling micro-CHP
unit.

The head control volume represents the energy conversion of the energy contents of the external source
(fuel) into gross heat in the form of exhaust gas, some of which is recovered and transferred to the engine
control mass, where electricity is produced in the alternator. The general energy balance of this control

volume can be written as follows:
—_ _ 17Se . .
— Hfuel + Halr Hggih + Hcond Qeng Equation 1

where [MClyeqq is the thermal capacitance of the engine-head control volume; Tjeqq is the mean
temperature of the hot-side of the engine; Hfuel is the total enthalpy of the fuel input of the main burner;
H$¢ is the enthalpy of the humid air used for the main combustion; H3¢), is the enthalpy, including both the
sensible and the latent, of the exhaust gas associated to the main burner; H3¢, ; is the enthalpy of the
recoverable latent heat of the exhaust gas; and Qeng is the gross amount of heat rate recovered from the

exhaust gases and transferred to the engine-block.

On the other hand, the energy balance of the engine-block control mass can be written as follows:

dTeng

[Mc]eng T = Qeng gross QHX Equation 2
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where [MC]eng is the thermal capacitance of the engine control mass, where heat is converted into
electricity; T,pg is the mean temperature of the engine; Egmss is the gross electric power output of the

engine; and QHX is the net amount of heat rate recovered from the engine casing and the exhaust gases and

transferred to the heat exchanger.

The heat exchanger control volume represents the heat transfer fluid flowing through the engine and the
elements of the heat exchanger in direct thermal contact that take part of the heat fraction recovered from
the exhaust gases. Thus, the thermal mass of this block considers both the capacitance of the heat exchanger
itself, as well as that of the heat exchanger body associated to the engine block. The energy balance

corresponding to this control volume can be written as follows:

se

dT, . . . .
[MClux - C;‘:O = Qux — Qipss — Onet Equation 3

where [MC]yyx is the thermal capacitance of the heat exchanger control volume, where the thermal recovery
takes place; Ty , is the mean temperature of the heat exchanger, which is considered to be representative
of that of the cooling water at the outlet due to the logarithmic increase in the temperature of a cold fluid
flowing through a heat exchanger; Qloss is the heat loss rate through the surface of the micro-CHP engine,
which is considered to occur from the cooling water to the surroundings; and Q3¢, is the net main thermal
output of the micro-CHP unit, which stands for the enthalpy difference of the cooling water between the

outlet and the inlet (HSE , — Hey i)

Meanwhile, the auxiliary burner block considers both the energy conversion of the energy contents of the
second energy source and the thermal capacitance of the said element and its associated heat exchange
between the exhaust and the cooling water. Since the thermal mass of the back-up boiler is already contained
in the term of the heat exchanger, it is not taken into consideration when the auxiliary burner is off. Its energy
balance corresponds to the following:

T8 . . - ab _
[MClap - T Fuer t Heiy — H%b + H3P  — Qb — Q4b, Equation 4

where [M(C],;, is the thermal capacitance of the auxiliary burner control volume, where the additional energy
conversion takes place; TC”“},’O is the mean temperature inside the additional boiler; H fuel is the total enthalpy

of the fuel input of the additional burner; H

air 15 the enthalpy of the humid air used for the additional

combustion; H2P, is the enthalpy of the exhaust gas associated to the additional burner; H% , is the
enthalpy of the recoverable latent heat of the exhaust gas associated to the auxiliary burner; Qﬁ,”ss is the heat
loss rate through the surface of the unit associated to the backup boiler; and Q%2, is the net additional

thermal output of the micro-CHP unit (H35 , — H3E ;).
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As previously mentioned, the model does not attempt to physically model the actual heat transfer
phenomena taking place in micro-CHP units, but represents exhaust gases by heat transfer-rates between
the main control mass and volumes. This approach considers that all the heat obtained from the combustion
process is first addressed to the hot-side of the engine and, afterwards, it is the head of the engine which
transfers heat to the engine-block. Finally, heat not absorbed by the thermodynamic power cycle, as well as
that rejected, is partially transferred from the engine-block to the cooling water, taking into account the fact

that heat losses to the ambient occur as well.

Heat transfer between the different control mass and volumes are modelled as the product of an effective
UA coefficient and the temperature difference of the control mass and volumes. Thus, heat transferred from
the combustion chamber to the engine block, as well as that from the engine to the heat exchanger, is

modelled as follows:
Qeng = [UAleng * (Theaa — Teng) Equation 5
QHX = [UA]px - (Teng - Tcﬁ,.e/,o) Equation 6

When the micro-CHP unit only works with the main burner, heat losses are exclusively those corresponding
to the engine. Since cooling water flows by the outer side of the engine block, the model considers that it is
the water which receives heat corresponding to losses of the engine and, therefore, it is the cooling water

control volume that undergoes heat losses:
.lsoess = [UAligss - (Tcsvs,o - Tamb) Equation 7

Finally, concerning heat losses when the auxiliary burner is running, Q'l‘ff;s, as stated for the SE, it is considered
that losses to the surroundings also correspond to the cooling water. Additionally, since the auxiliary burner
will not normally operate unless the main burner is on, no losses through the jacket of the engine, or towards

the head of the engine, are explicitly associated to the additional boiler:

.laobss = [UA]?obss ) (Tc%j,o - Tamb) Equation 8

2.1.Steady operation

Under steady-state conditions, the fuel input and the electric and thermal power productions can be
modelled using correlations that relate them to the cooling water return temperature, T,,, ;, and the cooling
water mass flow, m,,,. Since this kind of devices are often capable of modulating their thermal output, the
partial load performance, in terms of the thermal load fraction, a;, also affects the definition of these

correlations.
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2.1.1. Thermal power

The thermal output of a SE unit under steady conditions depends on three operational ranges. First, when
the thermal demand exceeds the maximum heat output of the unit at a given mass flow and return
temperature conditions, i.e., when the temperature of the cooling water at the outlet of the engine, T3y 5, is
below the generation set-point temperature, T5F , the engine will work at full load in order to reach that

cw,o 7

set-point.

Second, once the set-point temperature is reached, the engine burner will start modulating so that the
thermal production can be adapted to the demand. Consequently, a part-load ratio, @7¢, must be defined as
the relation between the instantaneous thermal power and the nominal full-load power at those mass flow
and cooling water return conditions, which is used afterwards for modelling the electric and fuel

performances.

Finally, the model must also take into consideration the maximum modulation rate, i.e., the minimum
thermal power the engine can provide, below which, with the corresponding hysteresis, the engine will turn

off.

\se max Ssp
Qnet,full for Tcw,o = Tcw,o
Vse \se min sp max i
net — Qnet,part for Tewo — AT < Tcw,o < Tew,o Equation 9
min sp
0 for Tew'o = Teyo + AT

where TZ%" and Tgcgfg are the outlet temperature of the cooling water at full load and minimum load
operation, respectively; and AT is the internally controlled temperature hysteresis for the outlet cooling
water before the engine turns off. This makes the engine turn off once the actual outlet temperature exceeds

the set-point on certain pre-fixed degrees.

The resulting net heat recovery of the cooling water can be determined by means of the thermal energy

transport equation:

.751215 =My " Cew (Tcsvs,o - Tcw,i) Equation 10

where Q3¢, is the net thermal production of the micro-CHP unit; 7i1,,, is the cooling water mass flow; c,,, is
the specific heat of the cooling water; and TSy , and T, ; are the respective temperatures of the cooling

water at the outlet and inlet of the micro-CHP unit.

Solving Equation 1, Equation 2 and Equation 3, together with Equation 10, the cooling water outlet

temperature (T5, ,) is obtained. If the set-point temperature (Tcs;f,’,o) exceeds the value of T3} ,, the thermal

10
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load fraction will be equal to 1 and the engine will be operating at full load; otherwise, the burner will start

modulating and the part-load operation will start.

The thermal load fraction, a£¢, which is dependent on the production set-point temperature, is obtained as
the quotient of the actual heat demand and the maximum heat producible at the same cooling water mass

flow and inlet temperature conditions.

)se
se _ Qnet,sp .
A =~ — Equation 11
net,max

where Qflit’sp is the net thermal output when the temperature of the cooling water at the outlet is at the
set-point and Qflgt,max is the maximum net heat power to be transferred to the cooling water at certain
cooling water temperature and flow conditions. The determination of Qflit,max can be assessed by means of
a multiple linear regression parametric equation. This multiple linear approach, based on the regression
philosophy and considerations first proposed by Lombardi et al. [33] and later modified by Bouvenot et al.
[34], evinces that an energy exchange or efficiency can be expressed as a function of a reference value, with

its corresponding cooling water inlet temperature and mass flow, and the actual water temperature and

mass flow.
\se . . . sp _ .
Qnet,sp =Mey " Cew (Tcw,o Tcw,i) Equation 12
jse — se se , ref.se se ., .z . ref,se ;
net,max — Qnet_ref + aj (T(;W,i - TCW,i ) + as (mcw —mgy, ) Equatlon 13

where a3¢ and a3° are empirically determined regression coefficients and Qflit’ref is the full-load thermal

ref,se

power value, measured when the respective temperature and mass flow of the cooling waterare T, ;" and
. ref,se
cw

Some devices are provided with an overheating protection control that, having once reached a certain level
of cooling water temperature, reduces the power input, even if working at full-load. Consequently, somehow,
the thermal load fraction is reduced to below 1. For those cases when the engine fulfils full-load conditions

and the cooling water temperature, T, ;, is above the limit temperature above which the thermal power is

reduced, TCI“A,";, the following correction is proposed:
aj=1-—a3®- (TCW,L- - Tcl‘;,"ﬁ) + az€ - (mCW - mevf'Se) Equation 14

Considering that some micro-CHP units include both the Stirling engine and an additional boiler, as well as a
variable-speed pump, independent nominal values for the engine will not always be available in the

manufacturer’s data sheets. Consequently, the proposed reference conditions are identified by those

11
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obtained through experimental evaluation under nominal volumetric flow conditions, which normally
correspond to the first stage of the internal pump at which the SE operates. For full load reference values,

the nominal power is assumed for the most favourable return temperature, i.e., 30 °C.

Since the auxiliary burner is also modulating, the previously presented modelling fundamentals can be

ab

applied to the additional boiler. Thus, its thermal load fraction, a;*”, can be expressed as follows:

ab _ Qnet Nnet,sp
Q¢ Aab
net,max

Equation 15

where the actual heat demand, Q',‘fgtlsp, and the maximum heat producible by the auxiliary burner at some

given cooling water temperature and flow conditions, Q.rcllgt,max: are determined as follows:
y . . Sp se .
Qnet sp — Mew " Cew (Tcw ) Tcw,o) Equation 16

yab _ Aab ab . (Tse ref,ab ab . (3 . ref,ab i
netmax = @netrer T a1 (Tcw,o —Tew,i ) +a; (mcw — Mgy ) Equation 17

2.1.2. Electric power

As SE devices are typically regulated in order to reach and maintain a certain level of electric output, the
modelling is tackled in terms of net power by a multiple linear regression correlation. Since the performance
of any power cycle depends on the temperature of a hot and a cold reservoir, the correlation proposed
considers the net power variation as a function of the temperature of the head of the engine (hot reservoir)
and the inlet temperature and mass-flow of the cooling water (cold reservoir). As the temperature of the hot
side will decrease once the firing rate is reduced, this temperature, which is usually reported by its control
and monitoring system, allows both full and part load operation to be encompassed through a unique

correlation.

net = Ersletref + bl (Thead ;:{fd) + b (TCWL' _ Tref se) n

cw,l

Equation 18
b5 - (i — L5 °)

where E3¢, is the actual net electric power at full load; Eset ref 1s the reference net electric power; Theqq is
the temperature of the burner; and Thead is the reference temperature of the head of the engine which
constitutes the hot reservoir of the cycle.

While the net electric power can be measured through an external electricity meter, the gross electric power,

E'gmss, can generally be obtained through an internal measurement reported by its control and monitoring

12



Gonzdlez-Pino, I, Pérez-Iribarren, E.,, Campos-Celador, A, Terés-Zubiaga, J,, Las-Heras-Casas, /.. Modelling and experimental characterization
of a Stirling engine-based domestic micro-CHP device. Energy Conversion and Management, 2020, 225, 113429

system. Thus, the electric consumption requirements of the device can be determined as a difference of

both:

Egross - f?t + Estandby + E)fgn + Egﬁmp Equation 19

The electric consumption considers, on the one hand, the standby consumption (Eg;qpnqpy) mainly due to the
electronic control board and, on the other, the energy required by the auxiliaries, i.e., the intake air fan (Esgn

and the cooling water circulation pump (E;ﬁmp).

However, as the final purpose of the modelling presented in this article is to implement it in a building
simulation tool, the pump consumption is excluded from these parasitic losses. So, when a simulation is done,
if an external pump is to be used instead of the internal one, its energy consumption can be accounted
independently and it can then be put together with the net power production extracted from Equation 18.
Additionally, since the engine may operate together with the auxiliary burner, accounting for the energy
consumption of the pump separately permits this consumption to be distributed between the two

generators.
Concerning the auxiliary burner, since it does not produce any electricity but only consumes it, its net
electricity exchange is expressed as follows:

Er%’t = —Eafn - E;%’mp Equation 20

where Eﬁfn and Eggmp stand for the electricity consumption of the fan and the pump that is directly related

to the operation of the auxiliary burner, respectively.

2.1.3. Fuel power

The fuel input, in terms of power, is related to the fuel volumetric flow as follows:
F= Vf *LHVf Equation 21

where Vf is the volumetric fuel flow, in m3/h; and LHVy is the lower heating value of the fuel, in kWh/m?3,

Even though the hourly variations of the fuel composition is commonly not known, the daily higher and lower
heating values, as well as the specific density, are usually given by gas distribution companies. In this case,
the enthalpies of all the terms concerning fuel and air inputs (Hfuel and Hair) and the exhaust enthalpy
(Hexh), as well as the corresponding condensed fraction of the exhaust gases (Hcond), can be joined together

within a combustion efficiency term, thus avoiding an exhaustive analysis of the combustion. This combustion
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efficiency, Ncomp, together with the fuel power input related to the LHV, F, takes into consideration the

power fluxes which also imply some mass transfer (fuel input, air, exhaust, condensate):
Ncomb * F= Hfuel + Hair - Hexh + Hcond Equation 22

This efficiency can be modelled by a multiple linear regression approach, such as that used for the maximum
thermal power output, thus avoiding the necessity to know variations in the fuel composition. This approach

considers that the efficiency can be expressed as a function of a reference efficiency value, nzs{nb, associated

Tref

o i) @and mass flow (m;if), and the actual

to the corresponding cooling water inlet reference temperature (

water temperature and mass flow, as follows:
se _ ..se se . ref,se se . (.; __ . ref.se i
Ncomb = Ncomb,ref T C1 (Tcw,i —Teyi ) +c5 (mcw My ) Equation 23

Considering all this, the gross heat obtained from the combustion, under steady-state conditions, can be

obtained as follows:

Qcomb = Ncomb F Equation 24

where Q.omp is the gross heat obtained from the combustion, which accounts for the difference between

the enthalpies of the input flows (fuel and combustion air) and that of the exhaust gases.

These engines are generally regulated to maintain some pre-set temperature conditions at the hot-side of
the engine, i.e., the head of the engine, which enable the desired electric output to be reached. To do so, the
intake air mass flow is regulated by the fan rotation speed and the fuel mass flow accordingly. Therefore, the
fuel flow can vary depending on the LHV, and a certain power input is required to reach the desired operation
point. Thus, the fuel consumption in nominal conditions under steady operation, E3¢,,, is related to the net

electrical power by means of the electric efficiency:

nse
net

se
e,nom

Equation 25

Tse
Fnom -

where 15%,m and E3¢, are, respectively, the nominal electric efficiency and the net electric output when the

engine operates at full load.

For its part, the nominal net electric efficiency is modelled in terms of a multiple linear regression correlation:

Neqiom = Noges T d7° " (Tew,i — Tref’se) +d3¢ - (e — mevf'”) Equation 26

cw,i
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Combining Equation 18 and Equation 26, as established in Equation 25, the nominal fuel power at full load is

determined.

On the other hand, when the micro-CHP unit works at part load, since the burner modulates its firing rate in
order to achieve the generation set point temperature, a linear relationship between the thermal load and

the firing rate is proposed:
a}fe =1-¢e%-(1—-af%) Equation 27

where az€ is the firing rate of the burner and eS¢ is an empirical coefficient.

Finally, in order to impose the modulation limits of the devices, a minimum firing rate must be defined that
makes the device switch off once this limit is surpassed. This minimum firing rate, for the case of the SE, is
generally related to the temperature of the head of the engine, so that when this temperature drops below

a certain prefixed minimum value, Theq4 min, the unit will shut-down.

Taking all this into account, the actual fuel power of the SE, Fse, is determined as follows:

o= {a,;e * Fiom for Theaa = Theadmin Equation 28
se =
0 for Thead < Thead,min

With respect to the AB, due to the difference between its control and that of the SE, the modelling of the

fuel consumption is approached in a different way, except for the combustion efficiency.

In this sense, the fuel input power in nominal conditions is related to the maximum heat output achievable

(previously defined through Equation 17):

Yab
net,max
ab
t,nom

rab
Fnom -

Equation 29

where n£%,m is the nominal thermal efficiency when the auxiliary burner operates at full load. This nominal

net thermal efficiency is modelled in terms of a multiple linear regression correlation:

,ab . . ,ab .
n?}’wm = U?,Irjef + agb - (TCW,L- —Trefa ) +dgb - (mcw — meVfa ) Equation 30

cw,i

On the other hand, analogous to the SE, a linear relationship between the thermal load and the firing rate is

proposed to define the part-load performance:
a}gb —1—eab. (1 _ a?b) Equation 31

where a}?b is the firing rate of the auxiliary burner and e®? is an empirical coefficient.
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Additionally, concerning the part-load performance, contrary to the main burner, the auxiliary burner does
not have a control temperature signal that limits modulation. In this case, the maximum modulation rate is

defined with respect to the thermal output, as follows:

yab

net,min .
almin = —ap Equation 32

net,nom

where Qflgt,min and Qg’gt_n,,m are, respectively, the minimum and maximum thermal power provided by the

auxiliary burner in steady operation, which can be experimentally determined.

Taking all this into account, the fuel power of the AB, Fab, is determined as follows:

ab ., rrab ab ab
. af Fnom for at 2 at,min .
Fop = Equation 33
a ab ab
0 for a’” < agmin

2.2.Transient operation

The transient thermal behaviour of the generator is characterized by the thermal capacity of both the engine
block and the working fluid, the internal heat exchanger and the external combustor. The energy exchanges
that take place during the operation modes described below can be determined by solving the specific
equations subsequently defined for each operation mode, together with Equation 1, Equation 2, Equation 3

and Equation 4.

2.2.1. Stand-by

Since SE-based micro-CHP units are generally thermally driven devices, when no heat is requested, no
activation signal is transferred to the electronic control unit (ECU) and the unit remains in stand-by. Under
this mode of operation, the unit does not consume any fuel or produce any heat or electricity. Nevertheless,
since the ECU is permanently active in order to respond to an activation request, some electricity is required
for these electronic controllers. Thus, during the standby-mode, the following equations govern the

performance of the unit:

mfuel = mfuel,standby =0 Equation 34
Qnet = Qnet,standby =0 Equation 35
Egross = Egross,standby =0 Equation 36
Enet = Egross,standby - ‘net,standby Equation 37
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where Enet_smndby is the power required by the ECU while awaiting activation during the stand-by mode.
These four equations are applicable to both the prime mover (SE) and the AB.

Since, under standby mode, the fan and the pump are switched off, the effective heat transfer coefficients
(Equation 5, Equation 6 and Equation 7) correspond only to natural convection. Thus, they will significantly

differ from those associated to steady operation, where forced convection is the predominant heat transfer

mechanism.
UAeng = UAengsmndby Equation 38
UAyx = UAHXstandby Equation 39
[UAli5ss = [UALiGss stanpy Equation 40

Concerning the AB, the model is structured so that, whenever it is off, no losses or thermal mass exist, and
all the losses and inertia of the heat exchanger are exclusively associated to the heat exchanger control

volume of the engine.

2.2.2. Warming-up

The warm-up process differs from one energetic vector to another. Once the engine receives the activation
signal and it is switched on, the fan starts introducing air into the burner and the head of the SE is heated up
until its temperature is high enough to make the piston move and, therefore, the generator starts producing
electricity. As this process must be as fast as possible, the fuel consumption during this phase grows

exponentially and exceeds the nominal value required during the steady-state operation.

During this period, three phases can be distinguished. First, when the combustion process starts, in order to
raise the temperature of the head of the engine, no effective heat or electricity production takes place. Then
heat production starts once the thermal mass of the heat exchanger reaches a high enough temperature to
warm up the cooling water. It is not until the head of the SE gets a pre-set set-point temperature that

electricity production begins.

Concerning fuel consumption, two main phases can be distinguished. First, as previously mentioned, once
the engine switches on, the fuel consumed grows exponentially until the head of the engine reaches a pre-
set temperature, achieving a peak. Then, the consumption drops smoothly until its value achieves that of the

steady operation.
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As stated before, the start-up fuel consumption during the warm-up period, on a mass basis, is modelled as
a function of the steady-state value and the relationship between the actual head temperature and the

nominal head temperature at which the fuel peak occurs:

_ Thtea(%
. se . k1 T3EAT start
se ) Mponax | 1 —e 7/ headnom for Theaa < Thead,nom Equation 41
f,warmup —
. se start
mf,warmup,z for Thead = Thead,nom

where m;fmax is the maximum fuel mass flow during the warm-up, i.e., the nominal fuel flow at the given
cooling water mass flow and temperature conditions multiplied by an overshooting factor; ky ; is an empirical
coefficient indicative of the sensitivity of the fuel power to the temperature of the head of the engine; and
m;fvmrmup,z is the fuel consumption from the moment the peak consumption is achieved until the warm-up

phase ends. This latter term, which aims to reproduce the typically underdamped control of the gas valve, is

determined as follows:

. se — .3.S€e + (-se _ S€ )+k . Teng_TeSith
mf,warmup,z - mf,nom mf,max mf,nom f,2 T _ Tstart
eng,nom eng £ tion 42
uation
T _ TStaTt q
eng eng
" éxp _kf.3 ) T Tstart
engnom ~ ‘eng

where k¢, and kf3 are empirical coefficients indicative of the sensitivity of the fuel power to the

temperature of the engine control mass.

Since the objective of such control is to adapt the electric power output to its nominal value while at the
same time maintaining security conditions, the fuel mass flow is related to the temperature of the engine

control mass, which is responsible for determining whether the warm-up phase is completed or not.

With respect to the net electricity production during the warm-up phase:

vse {_(EStandby + Ejfcem for Theqa < Tsetart Equation 43

net = ) tse e
Enet,nom ' [1 - ke,l ' (Teng,nom - Teng)] for Theaa = Tstart

where Eggt,nom is the net electricity power production at steady operation and k., ; is an empirical coefficient
indicative of the sensitivity of the electric power during warm-up to the temperature of the engine control

volume.

Regarding the effective heat transfer coefficients, no distinction is made between steady operation and
warm-up periods, because the phenomena behind these heat transfer processes between control volumes

can be treated in similar terms.
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As for the auxiliary burner, once switched on, the fuel power rises to nominal conditions, while the net

electric energy consumption is the same as in steady-state conditions.

2.2.3. Shutting-down

Once the stop signal is transferred to the device, the fuel supply is immediately cut off. However, the device
continues to produce both electric and thermal energy during the shut-down period, where different stages

can be distinguished.

my = mfshutdown = Equation 44

Concerning electricity production, once the engine is switched off, even though its value drops quickly, it
continues to be active, due to the inertia of the engine, until the temperature of the hot side of the engine
falls below a certain value (Tsetop). Thus, the electricity output during this period is modelled through a 3-

stretches equation:

(Enet,shut—down fOI‘ Thead > setop
) R . . ¢
figt = { _(Estandby + Efan + Epump) for Tstop < Thead =< setop Equation 45
» t
k_Estandby for Thead < Tstop

where Tsttop is the head temperature below which thermal production ceases; and Enet,shutdown, is the net
electricity production during the first part of the shut-down process, which can be calculated through

Equation 46:

Enet,shutdown = Egross,shutdown - (Estandby + Efan + Epump) Equation 46

The gross electricity production during the first part of the shut-down, Egmss,shutdown, is modeled through

a linear equation, as follows:

Egross,shutdown = ke,z ) (Thead - Tsetop) Equation 47

where k, , is an empirical coefficient indicative of the sensitivity of the fuel power to the temperature of the

head of the engine.

The thermal production during the shut-down period takes place due to the fact that, even though the fuel
supply is cut off, the fan of the device keeps on working and introducing air to the burner. So it continues to
be heated up with the heat stored within the body of the engine, transferring such heat to the heat transfer

fluid through the heat exchanger prior to its expulsion through the exhaust duct.
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Generally, these devices are provided with an internal control that, once the temperature of the hot side of
the engine drops below a certain pre-fixed value, Tsttop, makes both the fan and the circulation pump stop
and so cease heat production. However, if an external pump is used, the recovery of the heat stored within
the engine can be stretched out. However, since the fan is already stopped, the heat recovered will be mainly
that stored within the heat exchangers. This heat recovery can be determined by simultaneously solving

Equation 1, Equation 2 and Equation 3.

On the other hand, micro-CHP units may be stopped through and external stop signal or halt due to high
temperature protection. In these cases, before the engine switches to standby mode, an activation signal
may be sent to the device, but it does not generally restart operation until the whole shut-down process has

been completed.

As far as effective heat transfer processes between control mass and volumes are concerned, once the
shutdown period starts, as mentioned, the fuel consumption is cut off; consequently, no exhaust gases flow
through the device, only air. During this phase, the fan is on and the air-to-fuel ratio is generally very high,
i.e., no significant change in the mass flow is appreciated. Nevertheless, since it is the working fluid of the
thermodynamic cycle which is responsible for absorbing heat from the hot reservoir (head control volume)
and rejecting it to the cold source (heat exchanger control volume), [UA],x and [UA]eng must necessarily
differ from those proposed for warm-up and steady operation modes. This is mainly due to the speed at
which the engine moves in each phase and, once the engine is switched off, the velocity of the working fluid

of the cycle decreases with respect to the aforementioned modes of operation.

UAeng = UA Equation 48

€Y shutdown

UApx = UAux gnutdown Equation 49

In the case of the AB, once switched off, the fuel input is cut off as well as the air-intake fan. At this point,
the internal pump continues to function, at a lower speed when internal controlled pumps are used, until
the temperature difference between the outlet and the inlet of the cooling water drops below a certain value.
However, since the AB is usually used as a backup of the SE, once no thermal support of the additional boiler

is required, its burner will stop, but the pump and the fan will keep on working normally for the SE operation.

3. EXPERIMENTAL EVALUATION

According to the specifications and requirements previously defined for the modelling, a testing routine to
obtain the required data for calibrating and validating the model was developed. These tests were developed

in a versatile experimental facility sited at the Laboratory for Quality Control in Buildings (LCCE) of the Basque
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Government [36], so that all the phenomena and conditions could be controlled and evaluated. Further

information of the definition, scope and potential of this installation can be found in [37] and [38].

The unit chosen for this study was the Remeha eVita, which is a wall-mounted natural gas-run Stirling engine-
based boiler. It is made of a linear free-piston Stirling engine manufactured by Microgen (MEC), which
provides 5 kW and 1 kW. for base loads, and an additional burner for peak loads of up to 23 kW:. Both
burners are condensing and modular. To characterize both the Stirling engine and the auxiliary boiler, the
micro-CHP device was integrated within the installation as detailed in the simplified hydraulic diagram in

Figure 4.

Exhaust

&=

Hydraulic

Compensator
( [ =) (]
Electricity
raal
3—{' OO l )
stirling Engine
Micro-CHP Unit
Natural Gas
= | -
Condensate External pump

=

Heat sink

Figure 4 — Simplified hydraulic principle diagram of the Stirling engine test rig.

In order to maintain a constant return temperature of the cooling water and, consequently, reach steady-
state conditions to study the influence this temperature has on the final performance of the micro-CHP unit,
a three-way valve was disposed. Additionally, to be able to govern the cooling water mass flow and test

different flow-rates, the internal pump of the boiler was disabled and a 3-stage external pump was installed.

Based upon previous experimental research and the need to tune-up the model presented before, the low-

uncertainty measure points specified in Table 1 and described below were projected.

In order to determine the main energy flows accurately, several low-uncertainty gauges were set up around

the Stirling device, as schematized in Figure 4.

Thus, apart from measuring both gross and net electricity productions, as well as the fuel consumption, PT-
100 resistance temperature detectors and electro-magnetic flow meters were installed to determine the

thermal power produced.
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Table 1 — Summary of the main variables measured

Variable group Measure Symbol Measuring description Units
Net power B Input and output power measured with an electricity w
- meter
Electricity
Gross power Egmss Internal measurement w
Volumetric flow [-/fo Fuel flow in normal conditions measured with a gas Nm3
counter
Temperature Ts Measured with a thermo-hygrometer °C
Natural gas
Pressure pr Measured with a manometer mbar
LHV LHV; Measurements and information of the gas distributor? kWh/ Nm3
0
Ambient Temperature Tamp _ C
features Measured with a thermo-hygrometer
Relative humidity Damb %
Inlet temperature Tew,i °C
Measured with thermocouples
Water circuit ~ Outlet temperature Tew,o oC
Volumetric flow VCW,O Measured with an electromagnetic flow-meter 1/h
Volumetric flow Vexn 1/min
Temperature Texn °C
Exhaust gas Measured with a gas analyzer
Pressure Dexh hPa
Composition % / ppm
Others Engine-head Theaa Internal measurement °C

temperature

In relation to the fuel consumption, the power required by the device was determined, from reading the

experimental dry-system counter installed, and the heating capacity of the fuel, both in normal conditions.

The electric power was measured by an electricity meter which allows the net electricity produced by the
Stirling engine to be determined, as well as the consumption of the auxiliaries of the unit and the unit in

stand-by mode itself.

Additionally, due to the impossibility of getting information concerning the functioning of the unit by means
of external measurements, information from some internal variables measured by the unit for its own

regulation were used. This information was acquired using a communication interface by Siemens between

! The natural gas composition was not measured straightaway in the laboratory. Continuous measurements were
carried out nearby and the LHV obtained with those compositions was checked and compared to that provided by the
gas distribution company for the station which feeds the laboratory.
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the micro-CHP unit and the PC where all other data from the PLC were collected. Thus, the values of the
temperature of the hot-side of the engine, as well as the gross electricity output, amongst other

measurements, could be obtained.

Each of the three aforementioned energy input and outputs is obtained through the use of high precision
instrumentation. Despite this high precision, every measurement involves an uncertainty that is reflected in
the final calculation of energy flows (Table 2). Such global uncertainty was evaluated according to the Guide
to the Expression of Uncertainty in Measurement [39]. Relative uncertainties, summarized in Table 2 for fuel,
electric and thermal powers, give rise to uncertainties of 5.02%, 5.12% and 7.17% for thermal, electric and
overall efficiencies, respectively. These uncertainties are mainly due to the high uncertainty associated to the

natural gas LHV measurement.

Table 2 — Uncertainties associated to the main energy measurements.

Assessed Magnitude Type of Meas_ured Instrumentation Uncertainty Total Uncertainty
measurement magnitude (%)
Volumetric Flow High precision flow meter +0.5%
Fuel power Indirect +5.02
LHV Provided by the gas company +5%

Electric power Direct Active power CIRCUTOR CVM-1D-R5-485-C +1.00 +1.00
network analyzer

Cooling water flow

rate MJK MagFlux flow meter +0.1%
Thermal power Indirect +0.17
Inlet and outlet PT100 1/10 +0.1%
water temperature
Electric efficiency Indirect - - - +5.12
Thermal efficiency Indirect - - - 15.02
Overall efficiency Indirect - - - +7.17

4. MODEL CALIBRATION

In this section, characterization results of experimental tests carried out on the previously mentioned
Remeha eVita device are presented for the subsequent calibration and validation of the model. These

experimental tests took place from July 2016 to January 2017 in the experimental facility of the LCCE.

4.1.Parameter identification of the Stirling engine

The identification procedure encompasses the four main operating modes previously defined: steady
operation, warm-up, shutdown and standby. Calibration tests were both steady and transient, depending on

the parameter to be identified.

The parameters to be identified, previously introduced in the description of the model, can be classified into

three main categories:
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= Parameters of the performance map, which are related to the normal steady operation of the device and

are calibrated by means of steady-state tests.

= Dynamic parameters, which are responsible for making outputs vary over time and are calibrated through

dynamic tests.

= Control logic parameters, which are responsible for switching between operation modes.

Both steady and dynamic parameters, as well as control logic parameters, are those summarized in Table 3.

Table 3 — Main parameters of the performance map, heat transfer coefficients and dynamic coefficients of the micro-

CHP boiler.

Dependent variable

Parameters

Coefficients

Reference values

Q, 3 se se se A se ref,se . ref,se
g net,max ay a; Qnet,ref Tcw,i mey,
L = se se se se v se ref ref.se . ref,se
= net by b3 b3 netref Theaa Tewi Mew
<
E se se se se ref,se . ref,se
5 Ncomb &1 C2 Ncomb,ref Tcw,i Mew
[
=
QL se se se se ref,se ref,se
% Nenom dl dZ Neref cw,i cw
S se
se -
Ha af e
n
b jab ab ab yab ref,ab ref,ab
% net,max a; a; net,ref Tcw,i Mey
g
ab ab ab ab ref,ab ref,ab
g Ncomb 1 2 Nlcomb,ref Tew,i ow
A,
ab Jab dab ab ref,ab ref,ab
Ntnom 1 2 Neref cw,i cw
a}’b eab -
o Qeng [UA]eng,l [UA]eng,Z [UA]eng,3
< g
2] .
§ -g QHX [UA]HX [UA]HX,shutdown [UA]HX,standby
Rt
= S : se se se
g § IS:SS [UA]loss [UA]loss,shutdwon [UA]loss,standby
yab ab ab
l%ss [UA] loss [UA] loss,shutdown
- [MC] head
- [MC]eng
v
8
D - [MC]yx
g
E - [MC]ab
o
3
g - Teng,nom
g
se
5‘ Enet,warmup ke.l
- se
Enet,shutclown ke‘z
se
Ms warmup kfrl kf.z kf.3
Control logic e start e t
& start Thead,nom Theacl,min stop Tstop

parameters
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4.1.1. Steady operation

For a full characterization of the Stirling engine device, tests were run at full load as well as at part load. The
steady-state experimental set comprises tests in function of both cooling water inlet temperature —from 30
°C to 70 °C- and volumetric flow =510 I/h, 670 I/h and 760 |/h—, as well as the generation set-point
temperature, so that their influence on the energy performance can be determined. Further details of the

results of these tests can be found at [37].

It was considered that the unit was operating under steady-state conditions provided that two conditions,

evaluated on a 10-second basis, were met during at least 10 consecutive minutes:

= the cooling water return temperature variation with respect to the inlet set-point was lower than 0.5 °C.
= the maximum deviation of the electric power with respect to the mean value of the measured interval

was lower than 2%.

According to the results, the three main energy flows, i.e., fuel input and electrical and thermal outputs, are
strongly dependent on the cooling water return temperature, while the cooling water flow has a lower

influence.

First, concerning the thermal output and following a linear correlation, the lower the return temperature is,
the higher the thermal production will be. This is mainly due to condensation gains since, once the return
temperature has come below the dew-point temperature (around 50°C for natural gas), a higher part of the
latent heat content of the exhaust gases is recovered when condensing their water vapour content. This

increases even more as the circulating water flow grows.

The net thermal power output at full load presents a linear trend between 30 °C and 60 °C, which mainly
comes from variations in the cooling water inlet temperature. Taking into consideration experimental data

obtained in laboratory tests, the regression equation (Equation 13) was adjusted accordingly.

When analysing the effect of the cooling water return temperature on the electricity production, it can be
observed that, as the engine works with higher cooling water temperatures, the electric output suffers
substantial reductions. These variations, as reported in the model definition, have a clear linear trend.
Meanwhile, the net electrical output of the engine is weakly dependent on the volumetric flow of the cooling

water.

On the other hand, the engine energy input is regulated in order to maintain the temperature of the hot
source within a range between 400 °C and 520 °C. This regulation is performed through the adjustment of
the thermal power produced to that demanded. Furthermore, it can be appreciated that, for cooling water

temperatures above 64 °C, the full-load operation changes its normal tendency, since an overheating
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protection control starts to act and the temperature of the head of the engine is reduced as a consequence

of reducing the energy input, thus working, in a certain manner, at part-load.

As previously mentioned, the engine is regulated in order to maintain a pre-fixed temperature value at the
hot side of the engine and, in consequence, an apparent electric power. This regulation is achieved by varying
the air mass flow introduced through the fan and, consequently, the fuel mass flow. Nevertheless, due to the
fact that the LHV of the tests did not show large variations in the daily value, fuel variations remained
bounded. In this sense, attending to the fuel input, its consumption on a volumetric basis, brought to normal
conditions, presented very low variations. When the engine works at full load, once the air flow has been
fixed, the gas valve remains open completely; consequently, in normal conditions where pressure and
temperature conditions are fixed, the volumetric input must also remain virtually constant. Something similar

happens when the analysis is tackled in terms of power.

The values of the main coefficients for the regression equations defined in the model, according to the
experimental procedure hereby presented, are summarized in Table 4. When analysing the quality of the
regression, two different statistical indicators were used: the adjusted R-squared (Adj-R?) and the probability,

also called p-value.

Table 4 — Summary of steady-state calibration coefficients of the SE.

Dependent variable Coefficient Value Adj-R? p-value
03¢, max ase -26.817 0.89 7.199E-10
agt as® 113.077E-4 0.88 4.403E-10
. be 3.071 4.419E-51
ES¢, 0.98
bs¢ -2.189 1.221E-19
o cse -16.089E-5 1.257E-24
Mcomb se 0.91
c; 82.214E-4 0.048
Neom ds¢ 58.526E-5 0.81 2.022E-06
a]fe e’ 1.118 0.98 5.418E-69

4.1.2. Transient operation

Concerning dynamic phases, an advanced procedure for identifying the main parameters of the model is
required for calibrating the model. The parameter calibration method used allows all the MC and UA values
to be calibrated at the same time, as well as the sensibility factors for electricity and fuel during transient
processes. This process requires programming and implementing the model into the TRNSYS simulation
environment and, once put together with an optimization tool such as GenOpt (Generic Optimization

Program), an iterative process is carried out.
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The calibration process, as represented in Figure 5, consists of an iterative calling between GenOpt, which
reads and writes input/output text files, and TRNSYS. Once the optimization process is started, GenOpt
initializes the variables to be calibrated —F;,, Theqd Téw.0 and E,.t— and provides this information to TRNSYS
where, once the model is run and the output values are obtained, the cost function is calculated from
simulated and real values. This cost function value is then transmitted to GenOpt to adjust the values of the
parameters, between user-specified limits, and thus achieve the lowest possible cost function value. A cost
function is a measure of how bad a model is in terms of its ability to estimate the relationship between

independent and dependent variables.

// OPTIMIZATION ENVIRONMENT \\

-~
-

\ 4

Initialization

Commands

\ 4

Configuration TRNSYS17

Templates

[

L ey S I — N

Figure 5 — Linking diagram between GenOpt and TRNSYS (adapted from Fernandez et al. [40]).

In order to obtain the best result, apart from an adequate optimization function, an appropriate optimization

algorithm should be chosen. In this sense, the calibration process was divided into two steps.

Firstly, as an approximation phase, the GPS Hooke-Jeeves algorithm was used to obtain acceptable results
with a relatively low computational cost. This algorithm, as explained by Ferndndez et al. [40], is a hybrid
algorithm for global optimization that combines restrictions set by the algorithm developed by Hooke and

Jeeves with a global optimization pattern search (GPS).

Additionally, since GenOpt allows customized minimization algorithms that are not included by default to be
added, a genetic algorithm was implemented to complete the second phase of the optimization. In this case,
the Java Genetic Algorithms Package (JGAP) 3.6.2 was used. This package incorporates a robust and mature

single-objective simple genetic algorithm which has been used for optimizing thermal systems [41-43].

Thus, in the second optimization step, the results obtained with the Hooke-Jeeves method were used to

narrow the range of values and the optimization process was improved, while also avoiding local optimums.

This calibration process was applied to an experimental test where the volumetric flow and temperature of

the returning cooling water were 700 I/h and 40 °C, respectively.
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4.1.3. Calibration results

Results for the parameters identified through the calibration process are summarized in Table 5. It should be
remarked that the effective heat transfer coefficients do not take into consideration the physical nature of
the heat transfer processes, but aim to determine the combination of values that make the results of the
model fit best with the reality. In order to physically approximate these processes, more detailed information

should be obtained from the laboratory tests.

Table 5 — Calibration values for thermal masses, global heat transfer coefficients and sensitivity coefficients.

Parameter Calibrated values Units
[UAJengnormal(W/K) 19.650 W/K
[UA]eng shutdown(W/K) 11.435 W/K
[UA]eng standby(W/K) 0.5925 W/K
[UA]HX, normal(W/K) 31.470 W/K
[UA]HX, shutdown(W/K) 47.343 W/K
[UA]HX,standby(W/K) 19.950 W/K
[UA]ioss,normal(W/K) 11.538 W/K
[UAJioss,shutdown(W/K) 44981 W/K
[UA]1oss,standby(W/K) 3.025 W/K
[MClhead (J/K) 1026.25 J/K
[MCleng (J/K) 6741.25 J/K
[MClux (/K) 20826 J/K

kg1 0.327 .

ke2 -10.529E-6 -

kf3 0.3 ;

Ke,1 9.16E-3 -

Ke,2 2.580 .

Tengnom 206.9 °C

The cost function selected for the calibration process is the coefficient of variation of the root mean square

error, CV(RMSE), calculated as follows:

Equation 50

1 ~
\/; e O —vi)?
y

CV(RMSE) =
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where n is the number of measurement points of the sample; ¥; stands for the predicted values —simulated
temperatures and energy exchanges in the current case—; y; stands for the actual values of the variables; and

y is the mean value of the observed data.

Additionally, in order to complement the CV(RMSE), a statistical index which allows the error committed

during a complete test to be quantified was also used, in terms of normalized mean bias error (NMBE):

n (5
NMBE@%) = 219D 0 Equation 51

Table 6 — NMBE and CV(RMSE) for the full test calibration.

Variable NMBE CVRMSE
Fuel Power -0.27% 5.54%
Net Electric Power -0.22% 3.11%
Thermal Power -1.18% 7.58%
Overall 0.56% 5.41%

The total computational cost of the calibration process —which is strongly dependent on the computer used—
reached 70 minutes, where 37 minutes corresponded to the Hooke and Jeeves approximation phase, and

the remaining 33 minutes were associated to the refinement phase carried out with the Genetic Algorithm.

This GenOpt-based calibration provides the best results achievable. Both in the dynamic phases, as well as in
a full-test analysis, as summarized in Table 6, it can be seen that the statistical results are reasonably good.
It must be pointed out that the mismatch existing in both warm-up and shut-down periods is mainly due to
the stochastic nature of these transient processes. Thus, the description of the phenomena occurring during
these periods is hardly improvable, taking into consideration the level of detail of the modelling approach

used.

4.2.Parameter identification of the auxiliary burner

As far as the auxiliary burner is concerned, as done for the SE, different cooling water return temperature —

30 °C to 60 °C- and volumetric flow levels =500 I/h, 635 I/h and 725 I/h— were evaluated.

The results collected within the laboratory tests showed that the nominal thermal power oscillates
significantly as a function of the return water temperature. This is mostly due to the latent heat recovery
from the exhaust gases, since no significant impact of the water flow rate was detected. Additionally, these
full-load tests evince that, when the thermal energy put into play is elevated, the higher the cold water flow
is, the higher the thermal recovery will be. Meanwhile, if the part-load operation is to be attended, no

appreciable difference in the aforementioned sense is detected when the auxiliary burners work at the
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minimum load. The minimum part-load ratio achievable, independently of the cooling water temperature or

mass flow imposed, is 0.3.

As summarized in Table 7, all the steady-state calibration values show good statistical indicators.

Table 7 — Summary of steady-state calibration coefficients of the AB.

Dependent variable Coefficient Value Adj-R2 p-value
. a#® -97.770 5.131E-11
se 0.88
net,max ab
ag 8601.963 1.723E-02
n b bP -2.372E-03 0.94 1.365E-20
b cfb -3.865E-03 2.531E-11
nt,nom ab 0.89
cs 3.624E-01 9.021E-03
af? de® 1.03 0.99 1.716E-35

Taking into account that, as concluded for the Stirling engine dynamic parameter identification, GenOpt
based calibration provides the best results, the auxiliary burner was accordingly calibrated. In this case, due
to the low number of dynamic parameters to identify ((MC],,and [UA]%2.), the calibration was immediately

carried out using the genetic algorithm.

5. MODEL VALIDATION

In this section, the previously defined and calibrated model is validated by means of a comparison with
different experimental data sets. Additionally, it is compared with the model proposed by Kelly and
Beausoleil-Morrison [18] within the Annex 42 framework. The steady-state validation presented in section
5.1 is carried out from different data-sets that emerge from the combination of different return mass flows
and temperatures of the cooling water. Additionally, the dynamic validation and the part-load validation
were carried out taking into consideration two tests with different constraints to those of the test used for

calibrating the model.

In this sense, whereas the calibration was carried out with a test of 700 |/h and 40 °C of respective volumetric

flow and return temperature of the cooling water, two other tests were used for the validation:

e Test A: Full test with 490 I/h and 40 °C (6-hours length, see section 5.2)

e Test B: Full test with 540 I/h and 50 °C, including part-load operation (9-hours length, see section 5.3)

All these tests were conducted in the experimental facility described in section 3 and depicted in Figure 6.
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Figure 6 — Picture of the Stirling engine test rig.

5.1.Steady-state validation

The comparison between the actual experimental values and the two main outputs provided by the model
under steady-state conditions are summarized in Table 8, for two different mass flow levels and 5

temperature levels.

Table 8 — Steady-state validation results for the SE: comparison with experimental results.

Tew,i level E net Tiﬁv,o
O Measured (W) Predicted (W) NMBE (%) Measured (°C) Predicted (°C) NMBE (%)
30 964 955 -0.93 37.09 36.88 -0.57
40 944 945 0.11 46.46 46.28 -0.39
6351/h 50 905 923 1.99 55.97 56.10 0.23
60 892 901 1.01 65.71 65.79 0.12
70 761 779 2.36 75.31 75.55 0.32
30 961 961 -0.02 36.49 36.39 -0.27
40 943 944 0.01 45.77 45.37 -0.87
7651/h 50 938 923 -1.60 55.28 55.09 -0.34
60 906 902 -0.44 64.96 65.02 0.09
70 798 814 2.00 72.61 72.60 -0.01
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Meanwhile, results for two tests with lower cooling water mass flows are graphically shown, in terms of
power, in the subsequent figures, when the dynamics of the model are analysed (Test A and Test B). The
results confirm, by comparing outputs in terms of power and on an NMBE basis, that the model is able to
faithfully reproduce the steady-state performance of the micro-CHP unit. The main discrepancy found in this
comparison lies in the electricity output. This difference may respond, in part, to the suitability of the
correlations used to model the performance map of the engine, but also to the uncertainty of the

measurement of the gross electric power provided by the engine.

5.2.Dynamic validation (Test A)

The dynamic validation of the model was carried out taking into consideration Test A and, visually, when

assessing the part-load validation, with Test B.

While the results corresponding to a complete on-off cycle, when operating at full load (Test A), are
presented in Figure 7 to Figure 9; the comparison of the results corresponding to the warm-up and shutdown
periods of the same test are presented from Figure 10 to Figure 12 and in Figure 13 and Figure 14,

respectively.
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Figure 7 — Full-load validation test of the Stirling engine: fuel power (Test A).
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Figure 8 — Full-load validation test of the Stirling engine: thermal power (Test A).
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Figure 9 — Full-load validation test of the Stirling engine: electric power (Test A).

Additionally, the dynamic phases of Test A were separately analysed, complementing the analysis by a
comparison with the model developed in the Annex 42, which was calibrated following the calibration
protocol therein presented [44] and the same experimental data set used for calibrating the model

developed in this paper.
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Figure 10 — Real and simulated fuel power during the warm-up period (Test A).
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Figure 11 — Real and simulated thermal power during the warm-up period (Test A).

As observed, the model has good agreement with the model developed within the Annex 42 context, as well

as with the experimental data in both dynamic phases.
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Figure 12 — Real and simulated electric power during the warm-up period (Test A).

In the case of the warm-up period, whose results are depicted from Figure 10 to Figure 12, the main
discrepancy, as previously commented in section 4.1.3, resides in the second part of the fuel power during
this phase. The internal control makes the fuel power drop in two steps from the peak achieved during the
overshoot that takes place when the engine switches on before it tends to the nominal value in steady-state
conditions. Since the natural gas counter sends out a very frequent pulse (every 10 dm? while traditional
residential gas counters generate a pulse every 100 dm?), this effect is accurately measured, but the model

is not able to reproduce such control in all its extension, and only takes into consideration the first decline.

Itis this fuel overfeed considered by the model that takes both thermal and electric outputs to slightly above
the measured values. However, provided that the micro-CHP unit operates over long periods, this fact will
not have a significant impact in the final results. Additionally, if the model is to be used with time-steps
greater than the 10-second frequency considered during the calibration and validation of the model in this

paper, as typically done in building energy simulation applications, this difference is drastically reduced.

Even so, the NMBE of the three energy exchanges are 3.6%, 6.8% and 3.6%, respectively, for the fuel input,

and the heat and electricity outputs.

Concerning the comparison with the results achieved with the already validated model of the Annex 42, it
can be observed that the fuel overshoot of the current model adapts better to reality, while the energy
outputs are very similar for both models. In the case of the electricity output, however, it can be seen that,
whilst the model developed within this article fits the initialization of the power output, the Annex 42 comes

to this starting point ahead of time.
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Figure 13 — Real and simulated electric power during shutdown and standby periods.

In the case of the shut-down period, while the electric output is almost identical (Figure 13), the model is also
capable of following the tendency of the thermal output during the shut-down process (Figure 14).
Meanwhile, the discrepancy existing during the stand-by phase, which is partially due to the offset existing
in the data acquisition, is negligible when the engine is integrated within a thermal installation. This latter
aspect responds to the fact that, once the temperature of the head of the engine falls below 130 °C, the

pump will stop together with the air intake fan; consequently, the thermal power output will be zero.
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Figure 14 — Real and simulated thermal power during shutdown and standby periods (Test A).
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In both output cases, the NMBE is below 10% during this mode of operation, which difference constitutes
0.1% of the energy produced during the whole test in the case of the thermal output, while in the case of the

electric production, it is virtually zero.

Attending to the Annex 42 model, it was checked that the thermal output difference between both models
is only 1.6% (6.3 Wh). Meanwhile, the electric output modelled, contrary to the Annex 42 model, does not

overlook the production that takes place once the fuel flow is cut off.

The main results of the two models compared, with respect to the real data, are summarized in Table 9,
where it can be appreciated that both models can predict the performance of the engine with a low error

and, additionally, both models fit each other with high precision.

Table 9 — Comparison of the results of the experimental test, the proposed model and the Annex 42 model (Test A).

Measurements (kWh) NMBE (%)
Experimental Model Annex 42 model Model Annex 42 model
Fuel input 27.98 27.59 28.60 -1.4 2.2
Thermal output 21.39 21.48 21.72 0.4 1.5
Electric output 4.22 4.22 4.27 -0.1 1.1

5.3.Part-load validation (Test B)

As far as part-load performance is concerned, as depicted in Figure 15 for Test B, very good agreement
between experimental and modelled data is reached, whatever the turndown ratio is.
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Figure 15 — Real and simulated power exchanges during part-load operation (Test B).
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In this sense, nevertheless, it can be appreciated that the thermal output predicted by the model at part-load
is slightly below the real value. This is due to the fact that the test was carried out with a fixed cooling water
temperature at the inlet; while, in order to modulate the engine, it was the set-point temperature that was
variable. Since the engine is controlled in order to reach the set-point temperature measured by its internal
sensor, differences between the internal and external measurements make the set-point temperature not
be exactly the same as that imposed. Accordingly, the fuel power can also differ slightly before the engine
switches off, due to this discrepancy in the set-point temperature and to low errors when predicting the

temperature of the head of the engine.

On the other hand, it can also be appreciated that the shutdown process, as happened for the full-load

validation test, is successfully modelled, for both thermal and electric outputs.

Finally, concerning the auxiliary burner, the power-based results, summarized in Table 10, prove that the

model proposed successfully fulfils its objective.

Table 10 — Validation results for the auxiliary burner.

Fuel input Thermal output
Tew,i level
- Measured (W) Calgll\l;)lted NMBE (%) Measured (W) Calculated (W) NMBE (%)

30 19463 20094 3.24 17156 17910 4.39

35 19676 19990 1.60 17260 17599 1.96
6351/h

40 19407 19851 2.29 16543 16829 1.73

50 19738 19587 -0.77 16063 15873 -1.18

30 20618 20124 -2.40 18091 18442 1.94

35 19740 20027 1.45 17296 17869 3.31
7201/h

40 20231 19888 -1.70 17100 17105 0.03

50 20069 19630 -2.19 15930 15761 -1.06

6. CONCLUSIONS

This paper deals with the modelling, experimental characterization and validation of Stirling engine-based
residential micro-CHP units. A new modelling approach is presented in this work with the objective of

relieving the deficiencies associated to previous models, as well as strengthening their strong points.

The developed model, due to its architecture and topology, is generic and adaptable to most of the Stirling
engine-based micro-CHP units available in the market. Due to its scope of application, it is conceived in terms
of a grey-box modelling approach, which combines an analytical description of some of the physical
phenomena together with empirical data. One of the main strengths of the model lies in the consideration

of the part-load operation of this kind of devices, which is generally overlooked in research previously
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presented by other authors. Additionally, other phenomena related to the main energy exchanges are better

addressed and adapted to the architecture of this kind of devices.

Once the mathematical model is defined and implemented in a BES environment, the experimental
characterization of a Stirling micro-CHP unit is addressed. For that purpose, an experimental test-rig was
developed, where the engine was integrated. This test-rig, which is part of an ambitious experimental
installation designed and developed within the context of this research, fulfils all the necessities derived from
the modelling for its calibration and validation. Through the testing routine, which encompasses the
evaluation of every operation mode the engine can operate at, it is verified that the main source of

uncertainty when evaluating the different measurements lies in the fuel determination.

Subsequently, using the empirical data obtained, the model proposed is calibrated. This calibration process,
due to its relative complexity, requires sophisticated parameter identification techniques based on
optimization algorithms that allow the deviation with respect to real data to be minimized (0.56% overall

error during a complete on-off cycle).

Finally, the model proposed is validated. For the case of the engine, even though predicted values can differ
slightly from the actual values under some working conditions, the results present a good agreement in
general terms, with errors below 2.4% and 0.9% in all cases for the net electric power and the cooling water
outlet temperature, respectively. During the most critical transients, the NMBE of the three energy
exchanges during a warming-up phase are 3.6%, 6.8% and 3.6%, respectively, for the fuel input and the heat
and electricity outputs; while the NMBE for both outputs is below 10% during the shutting-down process.
Finally, if a full-length test is examined, the mean errors for the energy exchanges due to fuel input, thermal

output and electrical outputs were 1.4%, 0.4% and 0.1%, respectively.

Being a simplified model whose appliance is aimed at use in building energy simulation tools, the model can
definitely be considered to represent the performance of the engine accurately, while also maintaining quite

a simple structure in comparison with analytical and numerical approaches.
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