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a b s t r a c t

The concurrent production of heat and electricity within residential buildings using solid-oxide fuel cell
(SOFC) micro-cogeneration devices has the potential to reduce primary energy consumption, green-
house gas emissions, and air pollutants. A realistic assessment of this emerging technology requires
the accurate simulation of the thermal and electrical production of SOFC micro-cogeneration devices
concurrent with the simulation of the building, its occupants, and coupled plant components. The cali-
bration of such a model using empirical data gathered from experiments conducted with a 2.8 kWAC SOFC
micro-cogeneration device is demonstrated. The experimental configuration, types of instrumentation
employed, and the operating scenarios examined are treated. The propagation of measurement uncer-
Combined heat and power
Building simulation
R
M

tainty into the derived quantities that are necessary for model calibration are demonstrated by focusing
upon the SOFC micro-cogeneration system’s gas-to-water heat exchanger. The calibration coefficients
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. Introduction

Micro-cogeneration (also known as residential cogeneration
nd small-scale combined heat and power) is the concurrent pro-
uction of electricity and heat from a single fuel source with
lectrical outputs of less than 10–15 kW. The concurrent production
f electrical and thermal energy has the potential to reduce primary
nergy consumption, greenhouse gas emissions, and air pollutants
ssociated with providing energy services to buildings. By gener-
ting electrical power within residential buildings, this emerging
echnology also has the potential to reduce electrical transmission
nd distribution inefficiencies and to alleviate utility peak demand
roblems. A number of manufacturers worldwide are developing
icro-cogeneration devices based upon fuel cells, internal com-

ustion engines, and Stirling cycles [1,2], while adoption of these
echnologies is being encouraged in many countries through finan-
ial incentives and favourable electricity tariff structures.

Micro-cogeneration devices have only modest fuel-to-electrical

onversion efficiencies: some existing prototypes have efficiencies
s low as 5% [3–5] (net AC electrical output relative to the source
uel’s lower heating value (LHV)). Although solid-oxide fuel cell
SOFC) technologies have potential to deliver electrical efficien-
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te the thermal and electrical performance of this prototype device are
lyses enabled to study the potential of the technology are demonstrated.

© 2008 Elsevier B.V. All rights reserved.

ies as high as 45% [6], these levels have not yet been realized in
ctual prototype devices. These electrical efficiencies are relatively
ow compared to combined-cycle central power plants (the state-
f-the-art for fossil-fuel-fired central power generation), which
an achieve efficiencies in the order of 55% [7,8]. Consequently, it
s imperative that the thermal portion of the micro-cogeneration
evice’s output be well utilized to supply the building’s space heat-

ng, space cooling (through a thermally activated cycle), and/or
omestic hot water (DHW) heating needs. If this thermal out-
ut cannot be exploited, micro-cogeneration will not compare

avourably to the best-available central power generation technolo-
ies.

However, accurately analyzing the utilization of a micro-
ogeneration device’s thermal output is complicated by strong
oupling between the micro-cogeneration unit, other thermal plant
omponents, and the building’s thermal and electrical demands.
his complexity can be illustrated with a simple example that
onsiders a micro-cogeneration unit that is configured to follow
house’s electrical loads. Lighting and appliance demands may

eak late in the evening, resulting in substantial thermal output
rom the micro-cogeneration unit. However, there may be little
emand for space heating at this time as the house is allowed to cool

lightly during the night. Similarly there may be little demand for
HW. Consequently, the system will likely integrate some storage
evice to hold the thermal energy until a demand exists. The vol-
me and thermal characteristics of the storage tank, the occupant
lectrical and hot water usage patterns, the house’s thermal charac-

http://www.sciencedirect.com/science/journal/03787753
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eristics, and prevailing weather all influence whether this thermal
nergy output of the micro-cogeneration device will be exploited
r wasted. The potential design and operational combinations of
hese factors are almost limitless. In order to accurately assess the
erformance of these emerging technologies, therefore, it is imper-
tive that models of micro-cogeneration devices be incorporated
nto whole-building simulation tools that account for the types of
nteractions outlined above.

These factors motivated the formation of Annex 42 of the Inter-
ational Energy Agency’s Energy Conservation in Buildings and
ommunity Systems Programme (IEA/ECBCS) [5]. The objectives
f this international collaborative effort were to develop simula-
ion models that advance the design, operation, and analysis of

icro-cogeneration systems, and to apply these models to assess
he technical, environmental, and economic performance of the
echnologies. These objectives were accomplished by developing
nd incorporating models of micro-cogeneration devices within
xisting whole-building simulation programs such as ESP-r [9],
nergyPlus [10], and TRNSYS [11]. These models are more detailed
han the simple performance-map methods that have been pre-
iously applied to assess micro-cogeneration and which cannot
ccurately treat the thermal coupling to the building and its thermal
lant as outlined above (e.g. [12–24]).

One of the mathematical models developed by IEA/ECBCS Annex
2 is suitable for simulating the performance of SOFC micro-
ogeneration devices [25,26]. This is a system-level model that
onsiders the thermodynamic performance of all components
hat consume energy and produce the SOFC micro-cogeneration
evice’s thermal and electrical output. The model requires calibra-
ion using empirical data that can be acquired from the testing of
oherent systems or components and is designed for operation at
time resolution that is in the order of minutes.

This paper demonstrates how the IEA/ECBCS Annex 42 SOFC
icro-cogeneration model can be calibrated using empirical data.

his demonstration is performed using data gathered through
xperiments conducted on a prototype 2.8 kWAC SOFC micro-
ogeneration system. Pertinent aspects of the model are first
eviewed. The experimental equipment and measurement meth-
ds employed to gather the calibration data are then presented.
he propagation of measurement uncertainty into derived quanti-
ies is treated and the methods utilized to calibrate model inputs
ased upon these data are then elaborated. The calibration param-
ters which can be used in conjunction with the model to simulate
he performance of this specific prototype are presented and then
imulations are performed to demonstrate the use of the calibrated
odel. Concluding remarks are then provided.

. Model description

This section describes only those aspects of the SOFC micro-
ogeneration model that are the subject of the calibration
rocedures presented in Section 5. The interested reader is referred
o [25] and [26] for a comprehensive exposition of the model.

.1. Model topology

Fig. 1 illustrates one possible system configuration of a SOFC
icro-cogeneration device. It is important to note that the fuel cell

tack is only a single component within a complex energy conver-
ion system. Besides the fuel cell stack (shown in grey), the system

ight include: an afterburner to combust unreacted fuel, an air fil-

er and pre-heater, and a fuel desulfurizer, pre-heater, pre-reformer,
nd reformer. A compressor may be required to supply pressurized
uel while a blower will likely be present to supply air to provide
xygen to support the electrochemical and combustion reactions.

q

w
a
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he system will include a power conditioning unit to convert the
OFC’s DC electrical output to AC. All SOFC micro-cogeneration sys-
ems will include a heat recovery device that transfers the heat of
he hot product gases to the building’s thermal plant to provide
pace heating, space cooling, and/or DHW heating.

As previously mentioned, numerous researchers have employed
erformance-map methods to study the integration of SOFC micro-
ogeneration systems within buildings (e.g. [12–15,20,22]). These
ethods employ a performance map (derived either from empir-

cal evidence or from detailed modelling performed outside the
ontext of whole-building simulation) that decouples the electrical
nd thermal performance of the micro-cogeneration device from
he rest of the thermodynamic system. In contrast to this, the model
hat is the subject of the current paper explicitly treats the inter-
ctions between the micro-cogeneration device and the building
nd its occupants on a time-step basis (typically in the order of
inutes). It is worth noting that this model is much more sim-

listic than many detailed SOFC models presented in the literature
e.g. [27,28]), most of which are not well suited for the purposes
f evaluating the energy performance of SOFC micro-cogeneration
evices since they focus on single cells or stacks of cells while other
omponents (refer to Fig. 1) are left untreated.

The model discretizes the SOFC micro-cogeneration system into
roupings of components that comprise major sub-systems, such
s those that produce electrical power, supply air, capture heat from
ot product gases, etc. In this manner, once the model is calibrated

or a specific SOFC micro-cogeneration device analyses can be con-
ucted to explore the benefits of improving the performance of

ndividual sub-systems. For example, the impact of improving the
eat recovery device upon overall system performance can be simu-

ated without recalibrating the portions of the model that represent
he fuel cell power module (FCPM), power conditioner, and other
ub-systems. Additionally, such a structure facilitates the future
evelopment of more detailed modelling methods for specific sub-
ystems.

The model discretizes the SOFC micro-cogeneration system into
ine control volumes. Each control volume is modelled in as rigor-
us a fashion as possible given the constraints of computational
fficiency and the need to calibrate model inputs based upon the
esting of coherent systems. It is worth noting that the equations
escribed in this section will be recalculated hundreds of thousands
f times to perform a single annual simulation at 2 min time-steps.

The following sub-sections illustrate the modelling methods
mployed by focusing on two control volumes. One represents the
xhaust-gas-to-water heat exchanger that produces the useful ther-
al output. The other control volume represents the fuel cell power
odule which includes the stack, after-burner, and the other com-

onents enclosed by the dashed line in Fig. 1.

.2. Exhaust-gas-to-water heat exchanger

A schematic representation of the control volume encapsulating
he device that transfers heat from the hot gases exiting the FCPM
ontrol volume to the water loop connected to the building’s plant
s shown in Fig. 2. The state point labels shown in the figure are
sed in the development that follows.

The sensible component of the heat transfer from the hot gases
o the water is characterized with the log mean temperature differ-
nce (LMTD) method for counterflow heat exchangers,

(T − T ) − (T − T )

sensible = (UA)eff

g−in w−out g−out w−in

ln
(

Tg−in−Tw−out
Tg−out−Tw−in

) (1)

here Tg–in is the temperature of the hot gases exiting the FCPM
nd entering the heat exchanger and Tg–out is the temperature of
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The latent component of the heat transfer from the hot gases to
the water is given by,
Fig. 1. One possible system configura

he cooled gases exiting the heat exchanger. Tw–in is the temper-
ture of the cold water at the heat exchanger inlet and Tw–out is
he temperature of the warmed water exiting the heat exchanger.
UA)eff is the effective product of the heat transfer coefficient and
rea (W K−1).

If it is assumed that heat loss from the heat exchanger to the
mbient is negligible and that the heat capacity of each fluid stream
emains constant through the heat exchanger, then the following
nergy balance can be written for the heat transfer between the
uid streams,
sensible = (ṄĉP)g−in(Tg−in − Tg−out) = (ṄĉP)w−in(Tw−out − Tw−in)

(2)

here ĉP is the fluid’s molar heat capacity (J kmol−1 K−1) and Ṅ is
ts molar flow rate (kmol s−1).

q

f a SOFC micro-cogeneration device.

The (UA)eff value required by Eq. (1) must be evaluated at each
ime-step of the simulation. An approach is employed which casts
t as a parametric relation of the water and product gas flow rates1,

UA)eff = hxs,0 + hxs,1Ṅw + hxs,2Ṅ2
w + hxs,3Ṅg + hxs,4Ṅ2

g (3)

here hxs,i are empirical coefficients characterizing a specific heat
xchanger. The form of Eq. (3) facilitates the determination of the
xs,i coefficients from experimental data, as will be shown in Sec-
ion 5.
latent = ṄH2O−condĥH2O,fg (4)

1 Alternate approaches are available, as treated in [25] and [26].
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ficients from experimental data, as will be shown in Section 5.
Fig. 2. Exhaust-gas-to-water heat exchanger control volume.

here ṄH2O−cond is the rate of condensation of water from the gas

tream (kmol s−1) and ĥH2O,fg is the molar heat of vapourization of
ater (J kmol−1).

The rate of condensation is expressed in a parametric form that
acilitates the determination of its coefficients from empirical data.
he functional form of this parametric equation was established
y recognizing that, for a given heat exchanger design, the rate of
ondensation will be primarily influenced by the concentration of
ater vapour in the gas stream and by the difference between the
eat exchanger’s temperature and the gas’ dew point,

˙ H2O−cond = (Tcond−threshold − Tw−in)

×
[

hxl,1

(
ṄH2O

Ṅg−in

)
+ hxl,2

(
ṄH2O

Ṅg−in

)2
]

(5)

here hxl,i are empirical coefficients characterizing a specific heat
xchanger. ṄH2O in Eq. (5) is the molar flow rate of water vapour in
he gas stream entering the heat exchanger and Ṅg−in is the molar
ow rate of all constituents of the gas.

Tcond–threshold is a user-specified fixed value that represents
he threshold of the water-inlet temperature above which con-
ensation will not occur. When Tw–in is below Tcond–threshold the
ondensation rate will be determined with Eq. (5). And when Tw–in
s above Tcond–threshold it is assumed that no condensation occurs.

The total heat recovery from the hot gases to the water (qHX) is
etermined by summing the results of Eqs. (1) and (4).

HX = qsensible + qlatent (6)

Section 5 details the methods used to determine the hxs,i coeffi-
ients for Eq. (3) and the hxl,i coefficients and Tcond–threshold for Eq.
5).

.3. Fuel cell power module
The energy balance for the FCPM (indicated by the dashed line
n Fig. 1) can be written in the following form2,

˙ fuel + Ḣair = Pel + Ḣg−in + qskin−loss + qFCPM-to-dilution (7)

2 Only terms that are relevant to the particular SOFC device treated in this paper
re shown here for the sake of clarity.

e
l

t
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here Ḣfuel and Ḣair represent the enthalpy carried into the control
olume by fuel and air (for electrochemical and combustion reac-
ions as well as excess air). Pel is the net DC power production, that
s the stack power less ohmic losses in cabling and the power draw
f ancillaries (e.g. the fan that supplies the air). Ḣg−in represents
he enthalpy carried out of the control volume by the exiting gas
tream, that is the hot products of the electrochemical and combus-
ion reactions as well as the excess air and the inert constituents
f the fuel. (This is also the inlet condition for the heat exchanger,
s indicated in Eq. (1).) The final two terms in Eq. (7) represent
hermal losses: qskin-loss is the radiant and convective heat transfer
o the containing room while qFCPM-to-dilution represents the heat
ransfer from the FCPM to the air stream which is drawn through
he micro-cogeneration device’s cabinet to comply with gas venting
equirements of safety codes.

As is common in the literature (e.g. [28,12]) the FCPM’s electrical
fficiency (εel) is expressed as the DC power production relative to
he fuel’s LHV,

el = Pel

ṄfuelLHVfuel
(8)

here Ṅfuel is the rate of fuel supply to the FCPM (kmol s−1).
Since the model groups the fuel cell stack with other compo-

ents such as the afterburner and heat exchangers into the FCPM
ontrol volume, it makes no attempt to simulate the electrochem-
cal processes occurring within the fuel cell, but rather represents
he performance of the FCPM using a parametric relation between
he electrical efficiency and the net electrical power output3,

el = [ε0 + ε1Pel + ε2P2
el] (9)

The term in Eq. (7) for the enthalpy of the inlet air stream rep-
esents a summation of the enthalpies of the constituent gases,

˙ air =
∑

i

(Ṅiĥi)air (10)

here ĥi is the molar enthalpy (J kmol−1) and Ṅi is the molar flow
ate (kmol s−1) of gas constituent i (e.g. N2, O2).

As the form of Eq. (9) includes an implicit relationship between
he fuel and air supply rates, the model employs an explicit rela-
ionship to determine the FCPM’s excess air ratio. The excess air
atio (�) is given by,

= Ṅair

Ṅs
air

− 1 (11)

here Ṅair is the air supply rate of the FCPM and equals
∑

iṄi

kmol s−1). Ṅs
air is the air supply rate required to support stoi-

hiometric electrochemical and combustion reactions of the fuel
onstituents.

A parametric function is used to relate the excess air ratio to the
et electrical output4,

= (a0 + a1Pel + a2P2
el)(1 + a3Tair)

Ṅs
air

− 1 (12)

here Tair is the temperature of the air (◦C) supplied to the FCPM.
The form of Eq. (12) facilitates the determination of the ai coef-
Eqs. (10–12) along with a polynomial equation that relates the
nthalpy of gas constituents to temperature are used to estab-
ish the Ḣair term of Eq. (7) each time-step of the simulation. The

3 The model includes terms to represent the operational degradation as well as
he impact of stop-start cycling, but these are not shown here for the sake of clarity.

4 Alternate approaches are available, as treated in [25] and [26].
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Fig. 3. Experimental configuration to control flow ra

emaining terms of this energy balance are resolved with similar
echniques, which is then re-arranged and solved each time-step of
he simulation to predict the temperature of the hot gases entering
he exhaust-gas-to-water heat exchanger (refer to Tg–in in Eq. (7)).

The next section describes the experiments that were conducted
ith a prototype 2.8 kWAC SOFC micro-cogeneration device in order

o gather the data required to calibrate the model’s empirical coef-
cients such as those of Eqs. (3), (5), (9), and (12).

. Experimental and measurement procedures

An experimental programme was designed to examine the
erformance of the prototype 2.8 kWAC SOFC micro-cogeneration
evice under a series of controlled boundary conditions accord-

ng to a protocol established by IEA/ECBCS Annex 42 [29]. Many of
hese tests required control over the water flow rate through the
OFC micro-cogeneration device’s heat exchanger and the water
nlet temperature. The experimental set-up used to achieve this
ontrol is shown schematically in Fig. 3.
Water was pumped from a storage tank to the micro-
ogeneration device’s heat exchanger. From there the water flowed
hrough a fan-coil before returning to the storage tank. As the
irculating pump was operated at constant speed, the flow rate
f water through the micro-cogeneration device’s heat exchanger

i

l
l
f

temperature of water entering the heat exchanger.

as controlled by manually setting a throttling vale. An isola-
ion valve downstream of the pump was manually controlled to
ncrease back pressure, enabling a further reduction in the water
ow rate through the heat exchanger. The lowest steady water flow
ate through the heat exchanger that could be be achieved was
L min−1. The highest flow rate was limited by the pump’s capacity
nd was approximately equal to 12 L min−1.

The fan-coil was used to dissipate heat from the loop when the
esired water temperature was greater than that of the room air.
n on–off controller with a 0.2 ◦C dead-band cycled the fan-coil on
hen necessary to achieve the desired water inlet temperature at

he micro-cogeneration device’s heat exchanger. This resulted in
small degree of oscillation although the control was mostly sat-

sfactory. When the desired water temperature was below that of
he room air, warm water was drained downstream of the micro-
ogeneration device. This volume of water was replenished by
dding cold water from the mains to the tank. The minimum heat
xchanger water inlet temperature was thus regulated by the tem-
erature of the water mains (approximately 6 ◦C). The maximum
emperature was restricted to 60 ◦C in order to protect the circulat-

ng pump.

Once steady conditions were achieved, measurements were
ogged to file for a period of time to provide sufficient data to ana-
yze the statistical variation of the measured and derived quantities
or each test. Fig. 4 illustrates the flow rate and heat exchanger water
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Fig. 4. Tw–in and Ṅw over duration of one test.

nlet temperature for the test that was configured to supply 30 ◦C
ater to the heat exchanger at the lowest flow rate possible. As can
e seen from the graph, ideal steady conditions could not be main-
ained over the duration of the test. Control over the water flow rate
as found to be more stable than that over the water inlet temper-

ture. In general, steady thermal conditions were more difficult to
chieve at lower entering water temperatures. Notwithstanding,
he variations in the water inlet temperature were deemed to be
cceptable. The impact of these variations upon derived quantities
ill be examined in Section 4.

In addition to experiments that controlled thermal boundary
onditions, tests were performed in which the SOFC micro-
ogeneration device’s electrical output was modulated. This was
chieved by varying the stack current demanded by the device’s
nternal controller.

The micro-cogeneration device and the water loop were
nstrumented to record both electrical and thermal conditions
hroughout the tests. Voltage and current were measured at the
oints where power flowed to the power conditioning system, to
he battery, and to the DC-powered ancillary devices (refer to Fig. 1).
he AC output from the power conditioning system was also instru-
ented as were the AC-powered ancillary devices. Voltage taps
ere placed to measure DC voltage at the stack exit (i.e. at the start

f the transmission cable carrying power to the PCU) and at the AC
ncillary devices. A current shunt was installed to measure the total
ncillary current draw. A watt transducer was used to monitor the
C output to the grid.

The flow rates of natural gas supplied to the FCPM’s stack and
urner (fired to maintain stack temperatures when necessary) were
easured independently using two mass flow controllers. Two ven-

uri pressure transducers were used to measure the flow rates of
ir to the stack and burner.

The flow rate of water through the heat exchanger was measured
t its inlet using a turbine water flow meter. Type-T thermocouples
ere used to measure the temperature of the water at the heat
xchanger inlet and outlet. Gas temperatures were measured at the
eat exchanger inlet and outlet using type-K thermocouples.

Due to the heat exchanger’s design, when water vapour con-
ensed from the exhaust gases the water droplets would drip onto
he thermocouple measuring Tg–in (refer to Fig. 2). This resulted in

4
u

t
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rroneous temperature readings, a fact that did not hinder model
alibration efforts but rather assisted in identifying Tcond–threshold
n Eq. (5), as will be treated in Section 5. The micro-cogeneration
evice collects the condensate in an internal reservoir. When full, a
oat valve triggers a pump to drain this reservoir. A rain gauge tilt
ucket was located to collect the pumped condensate to measure

ts volumetric flow rate. This gauge was calibrated to tilt for each
ccumulation of 8.24 mL of condensate.

The micro-cogeneration device is designed such that the cooled
ases exiting the heat exchanger are mixed with the dilution air
hat is drawn through the cabinet to control skin losses to the
ontaining room. The temperature, velocity, and relative humid-
ty of these mixed gases were measured downstream of the mixing
oint. A velocity probe was used to measure the velocity of this gas
tream. Due to the configuration of the micro-cogeneration device’s
xhaust chimney it was not possible to take these measurements
n a region of fully developed flow. Rather, measurements had to be
aken close to a 90◦ bend in the duct. During the exploratory phase
f the work, the probe was inserted at numerous locations across
he duct and the measured velocity profile examined to choose the

ost representative location to mount the probe. These limitations
esulted in significant uncertainty in the measured flow rate of the
ombined gas stream.

Finally, the ambient temperature and relative humidity in the
est room were measured approximately 1 m above the top of the
uel cell enclosure and approximately 1 m away from the air inlet
ide of the micro-cogeneration device.

As detailed in the next section, the bias and precision errors from
he primary measurements outlined above (e.g. temperatures, flow
ates) propagate through into the derived quantities (e.g. (UA)eff of
q. (1)). In order to minimize the bias errors, a number of the instru-
ents described above were calibrated. These include the water

ow meter, the thermocouples at the heat exchanger’s water inlet
nd outlet, the AC power flow meter, and the natural gas flow meter.
hese calibrations were effected by comparing instrument read-
ngs to reference instruments and then adjusting offset and slope
arameters to adjust the translation of voltage signals to measured
uantities.

Instantaneous measurements of the FCPM’s DC power produc-
ion, the FCPM’s air and fuel supply rates, and the power flow to the
attery were taken every second and the averages over the minute
ere logged to file. All other measurements were taken every 15 s

nd the four values averaged to log the data at each minute. The
ondensate flow rate was logged at the same frequency, but using
separate data acquisition system. Each of these measurements

ecords the number of times the bucket had been tilted during
he preceding minute. The time stamps in each file were used to
ynchronize the measurements.

Infrared images of the micro-cogeneration device were captured
uring one test at which the device was producing its maximum
ower. Three of the four side faces and the top of the SOFC micro-
ogeneration device’s enclosure provided unobstructed views for
he imaging. These images were used to derive thermal contour

aps by taking into account the surface emissivities.
A gas chromatograph was used to analyze the content of the

atural gas supply a few days prior to the experiments. This deter-
ined the molar fractions of each constituent of the gas supply in

rder to accurately determine its lower heating value.
. Calculation of calibration data and analysis of
ncertainties

The previous section detailed the measurements taken during
he experiments. In order to calibrate the model, these primary
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represents S of Eq. (15), not Savg of Eq. (16)).

Table 1 also lists the average uncertainty at the 95% confidence
level of the 82 measurements of each of the five parameters. As can
be seen, the precision indices are the predominant determinant of
the uncertainty of the water temperature measurements, an obser-

Table 1
Uncertainty parameters for test at Tw−in = 30 ◦C and Ṅw = 0.004 kmol/s.

Measurement Average value
over test

B S U95%
I. Beausoleil-Morrison, K. Lombardi / J

easurements were used to derive the variables of interest to the
odel. This section details the calculation of these derived quanti-

ies and their associated uncertainties. The methods illustrated here
or treating the exhaust-gas-to-water heat exchanger equally apply
o other aspects of the model, such as the electrical efficiency of the
CPM, the DC–AC conversion efficiency of the power conditioning
ystem, etc.

As discussed in Section 2.2, the equation relating the effective
roduct of the heat transfer coefficient and area to the flow rates of
ater and gas through the heat exchanger (refer to Eq. (3)) must be

alibrated from the experimental data. Referring to Eqs. (1) and (2),
t can be shown that (UA)eff can be derived from five of the primary

easurements described in Section 3,

UA)eff = (ṄĉP)w−in(Tw−out − Tw−in)⎡
⎣ (Tg−in−Tw−out)−(Tg−out−Tw−in)

ln

(
Tg−in−Tw−out
Tg−out−Tw−in

)
⎤
⎦

(13)

Eq. (13) was evaluated for each minute of recorded data using
he four temperature readings (Tw–in, Tw–out, Tg–in, Tg–out) and the
ater flow rate measurement (Ṅw−in). The heat capacity of the
ater entering the heat exchanger (ĉP,w−in) was calculated from

w–in using a parametric relation [26].
The method recommended by the American Society of Mechani-

al Engineers (described in [30] and [31]) was used to calculate the
ncertainties of the measured quantities and to propagate these
ncertainties into the derived quantities. With this a bias error
as assigned to each primary measurement. These were estab-

ished based upon the instrumentation specifications as either an
bsolute error as a percent of full-scale measurement and/or a
eading error as a percent of the value measured. Where instru-
ents were calibrated (refer to Section 3) the bias error was

stablished based upon the calibration parameters. In these cases,
he bias error was set based upon either the average or maxi-

um deviation of the corrected measured values to the reference
alues.

In some cases additional bias errors were assigned based upon
udgement. For example, a substantial bias error was assigned to
he velocity measurement of the combined exhaust gas stream due
o the restrictions on instrument placement, as discussed in Section
. As another example, an additional bias error was assigned to the
ondensate flow rate measurement. As described in Section 3, con-
ensate is measured by a rain gauge tilt bucket after it is pumped
rom an internal reservoir. The time lag between the pumping and

easurement actions introduced some uncertainty to the conden-
ate flow rate measurement. Consequently a bias error of 50 mL
the approximate volume of the internal reservoir) was assigned to
he measurement of the condensate flow over the duration of each
xperiment.

The total bias for each measurement point is calculated from
he individual bias errors for that sensor using the root-sum-square

ethod,

= [B2
1 + B2

2 + · · · + B2
k ]

1/2
(14)

For each of the tests examining the performance of the gas-to-

ater heat exchanger the desired boundary conditions (e.g. Tw–in

nd Ṅw−in) were held as constant as possible for a period of time
nd data logged each minute. The precision index of a single mea-
urement within a given test is calculated based on the average
alue of the observed parameter during that test and the number

T
T
T
T
N

l of Power Sources 186 (2009) 67–79 73

f logged readings,

=
[∑N

i=1(Xi − X̄)
2

N − 1

]1/2

(15)

here N is the number of logged readings. It is worth noting that
he data were logged at 1-min intervals based upon either 1 s or 15 s
nstantaneous readings (refer to Section 3). The Xi values of Eq. (15)
re the 1-min averaged values since the instantaneous data were
ot logged. It is also worth noting that S has the same value for each
ata point within a given test.

The precision index of the average value of a parameter for
given test is lower than that for the individual measurements

ccording to,

avg = S√
N

(16)

Finally, the bias and precision indices are combined to express
he uncertainty in a measured quantity at the 95% confidence level,

95% =
√

B2 + (tS)2 (17)

here t is the standard statistical Student’s t-value and is a function
f the value of N used in evaluating Eq. (15).

The uncertainty of a derived quantity is determined by propa-
ating the bias and precision indices of the measurements that are
sed to calculate the derived quantity. For example, the bias error

or (UA)eff is calculated as follows (refer to Eq. (13)),

(UA)eff
=

[(
∂(UA)eff

∂Ṅw−in
BṄw−in

)2

+
(

∂(UA)eff

∂Tw−out
BTw−out

)2

+
(

∂(UA)eff

∂Tw−in
BTw−in

)2

+
(

∂(UA)eff

∂Tg−in
BTg−in

)2

+
(

∂(UA)eff

∂Tg−out
BTg−out

)2
]1/2

(18)

The precision index for (UA)eff is determined in a similar manner
nd the overall uncertainty determined using Eq. (17).

The propagation of measurement uncertainties into Eq. (18) is
emonstrated by examining the test that was illustrated in Fig. 4.
he bias errors and precision indices for the four temperature
nd one water flow rate measurements used in the equation are
ummarized in Table 1. The bias errors reported in the table are
he average for the 82 measurement points of the test. Likewise,
he precision index is that corresponding to each individual mea-
urement, and not the precision index of the set average (i.e. it
w–in 30.60 ◦C 0.10 ◦C 0.58 ◦C 1.17 ◦C
w–out 43.38 ◦C 0.10 ◦C 0.48 ◦C 0.97 ◦C

g–in 284.27 ◦C 2.20 ◦C 0.57 ◦C 2.48 ◦C
g–out 45.04 ◦C 2.20 ◦C 0.36 ◦C 2.32 ◦C
˙ w (kmol s) 4.0 × 10−3 7.9 × 10−5 2.7 × 10−5 9.3 × 10−5
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ig. 5. Derived (UA)eff values and associated 95% error bars for Tw−in = 30 ◦C and
˙ w = 0.004 kmol/s.

ation consistent with the Tw–in measurements plotted in Fig. 4. In
ontrast, the instrument bias errors are the predominant determi-
ants of the uncertainty of the gas temperatures and the water flow
ate.

Eq. (13) was applied to calculate the (UA)eff value for each of the
2 measurement points of the test. The procedure outlined in Eqs.
14), (15), (17), and (18) was then applied to calculate the uncer-
ainty for each of these 82 derived (UA)eff values. Fig. 5 plots these
erived values and their uncertainties. The test-averaged (UA)eff
alue determined from the 82 measurement points and its error bar
re also shown in the figure. The uncertainty of the test-averaged
UA)eff value is less than that for individual measurements due to
q. (16).

The procedure outlined in this section was applied to each test
o produce sets of test-averaged derived quantities (e.g. (UA)eff, εel,
) for various combinations of the boundary conditions (e.g. Tw–in,

˙ w, Pel). The calibration of the model using these sets of data is the
ubject of the next section.

. Model calibration
This section treats the calibration of the model inputs described
n Section 2 using the measured and derived data described in
ections 3 and 4.

s
c
e
F

able 2
alibrated coefficients.

as-to-water heat exchanger sensible coefficients for Eq. (3) h
as-to-water heat exchanger latent coefficients for Eq. (5) h
CPM electrical efficiency coefficients for Eq. (9) ε
CPM air supply coefficients for Eq. (12) a

ange of applicability:

.2 ◦C ≤ Twater,in ≤ 59.8 ◦C

.63 × 10−3 kmol/s ≤ Ṅwater ≤ 1.09 × 10−2 kmol/s
010 W ≤ Pel ≤ 3728 W
0.0 ◦C ≤ Tair ≤ 24.2 ◦C
room ≈ 22 ◦C
l of Power Sources 186 (2009) 67–79

.1. Exhaust-gas-to-water heat exchanger

The experiments yielded 17 derived values of (UA)eff at vari-
us water (Ṅw) and gas (Ṅg) flow rates. A non-linear regression
ethod was used to establish the values of the hxs,i coefficients

hat produced the best fit of these data to Eq. (3). The values of the
oefficients determined from this analysis are presented in Table 2.

It is important to note that the test-averaged derived (UA)eff, Ṅw,
nd Ṅg values (refer to Section 4) were used to regress these coeffi-
ients. As a non-linear regression method was used it is not possible
o propagate uncertainties in these values into the hxs,i coefficients
sing the methods elaborated in Section 4. However, despite the
eterministic appearance of the coefficients in Table 2, the regres-
ions inherently contain uncertainty and this level of uncertainty
s commensurate with the uncertainty of the derived (UA)eff, Ṅw,
nd Ṅg values.

Fig. 6 compares the (UA)eff determined with Eq. (3) and the
oefficients of Table 2 with the (UA)eff values derived from the
easurements. The uncertainty bars determined in Section 4 are

lotted in the figure. The left side of the figure provides a view nor-
al to the Ṅg axis while the right side provides a view normal to the

˙ w axis. As can be seen, the functional form of Eq. (3) well repre-
ents the dependency of (UA)eff on the two flow rates. The calibrated
alues lie within the error bars for each of the 17 data points.

Fig. 7 provides another indication of the goodness of fit between
he calibrated (UA)eff values and those derived from measurements.
he coefficient of determination (r2 value) was 0.98. The aver-
ge error (difference between the calibrated (UA)eff value and that
erived from measurements) was 1.9% while the root-mean-square
rror was 2.1%. The maximum error for a single point was 3.2%.

A number of tests, in addition to the 17 described above, were
onducted to explore the operation of the heat exchanger under
ondensing conditions. One of these tests was configured to identify
cond–threshold of Eq. (5). This variable represents the threshold of the
ater inlet temperature above which condensation does not occur.

he examination of the tilt bucket readings during preliminary test-
ng indicated an approximate range within which Tcond–threshold lay.
owever, each of these tests was time consuming. As elaborated

n Section 3, the tilt bucket instrument was filled only after the
ogeneration device’s internal condensate reservoir became filled
nd was pumped out. Steady conditions had to be held for long peri-
ds of time (in some cases many hours) in order to register readings
t the tilt bucket.

Section 3 explained how the formation of condensation from
he exhaust gases led to erroneous Tg–in thermocouple readings.
dvantage was taken of this fact to calibrate Tcond–threshold for Eq.

5). By controlling the water loop illustrated in Fig. 3, T was

lowly reduced from 33 ◦C, which the preliminary testing had indi-
ated was above Tcond–threshold. For the FCPM’s electrical output
xercised in this test, Tg–in was approximately 280 ◦C. As shown in
ig. 8 the thermocouple produced reliable data for the first portion

xs,0 = 83.1; hxs,1 = 4 798; hxs,2 = −138 × 103; hxs,3 = −353.8 × 103; hxs,4 = −5.15 × 108

xl,1 = −1.96 × 10−4; hxl,2 = 3.1 × 10−3; Tcond–threshold = 35 ◦C

0 = 0.642388; ε1 = −1.619 × 10−4; ε2 = 2.26007 × 10−8

0 = 1.50976 × 10−3; a1 = −7.76656 × 10−7; a2 = 1.30317 × 10−10; a3 = 2.83507 × 10−3
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Fig. 6. Calibrated (UA)eff versus measure

f the test. (It should have read approximately 280 ◦C throughout
he test.) The thermocouple, however, began producing unreliable
eadings once Tw–in was reduced to 23 ◦C. This event indicated the
rst formation of liquid water which dripped onto the thermocou-
le. Even as the inlet water temperature was warmed to 35 ◦C, the
hermocouple continued to produce unreliable readings, indicating
hat condensation continued to occur. It took considerable time for

he thermocouple readings to stabilize. This tends to indicate that
lthough the onset of condensation requires a low value of Tw–in,
nce condensing conditions have been achieved condensation can
ccur at warmer temperatures. Based upon this test it was decided
o set Tcond–threshold to 35 ◦C.

Fig. 7. Goodness of fit between calibrated and measured (UA)eff.

u
A
r
y

t

as a function of Ṅw (left) and Ṅg (right).

A series of seven tests were then conducted at various water flow
ates and values of Tw–in in order to establish the hxl,i coefficients
f Eq. (5). Sufficient time was allowed in each test to achieve steady
onditions. Due to practical constraints, however, these tests could
nly be conducted with a nearly constant ratio of water vapour
n the exhaust gas stream (refer to ṄH2O/Ṅg−in in Eq. (5)). (This is
etermined by the FCPM’s operating point.)

A non-linear regression method was used to establish the val-
es of the hxl,i coefficients that produced the best fit to Eq. (5).
s elaborated above, T was set to 35 ◦C to perform this
cond–threshold
egression. The values of the coefficients determined from this anal-
sis are presented in Table 2.

Fig. 9 compares the ṄH2O-cond determined with Eq. (5) and
he coefficients of Table 2 with the ṄH2O-cond values derived from

Fig. 8. Identification of Tcond–threshold.
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age error (difference between the calibrated Ṅair value and that
derived from measurements) was 2.3% while the root-mean-square
error was 2.8%. The maximum error for a single point was 5.6%. As
Fig. 11 illustrates, for some of the 28 points the deviation between
Fig. 9. Goodness of fit between calibrated and measured ṄH2O−cond.

he measurements. The coefficient of determination (r2 value)
as 0.96. The average error (difference between calibrated val-
es and those derived from measurements) was 10−6 kmol s−1 5

hile the root-mean-square error was 1.2 × 10−6 kmol s−1. The
aximum error for a single point was 2.1 × 10−6 kmol s−1. The

ncertainty bars determined in Section 4 are plotted in the figure.
s can be seen, the functional form of Eq. (5) reasonably repre-
ents the dependency of ṄH2O-cond upon Tw–in. The calibrated values
ie within the error bars for five of the seven data points. The
reatest deviation between measurement and calibration occurs
t Tw−in ≈ 30 ◦C where the condensation flow rate is very small.

.2. Fuel cell power module electrical efficiency

Data from seven experiments were used to calibrate the FCPM
lectrical efficiency to the net DC power production (refer to Eq.
9)). A non-linear regression method was used to establish the val-
es of the εi coefficients that produced the best fit to Eq. (9). The
alues of the coefficients determined from this analysis are pre-
ented in Table 2. This table also presents the range of Pel for which
he correlation is applicable.

Fig. 10 compares the εel determined with Eq. (8) and the coeffi-
ients of Table 2 with the εel values derived from the measurements.
he U95% uncertainty bars are plotted in the figure. The coefficient
f determination (r2 value) was 0.58. The average error (difference
etween the calibrated εel value and that derived from measure-
ents) was 0.4% (in relative terms) while the root-mean-square

rror was 0.6%. The maximum error for a single point was 1.2%.

.3. Fuel cell power module air supply
Data from 28 experiments were used to calibrate the excess air
atio of the FCPM air supply. A non-linear regression method was
sed to establish the values of the ai coefficients that produced the

5 To place these numbers in context, a condensation rate of 10−6 kmol/s results in
pproximately 40 W of heat transfer.
Fig. 10. Calibrated εel versus measurements.

est fit to Eq. (12). The values of the coefficients determined from
his analysis are presented in Table 2. This table also presents the
ange of Pel and Tair for which the correlation is applicable.

Fig. 11 compares the Ṅair determined with Eq. (12) and the
oefficients of Table 2 with the Ṅair values derived from the mea-
urements. The U95% uncertainty bars are plotted in the figure.
he coefficient of determination (r2 value) was 0.77. The aver-
Fig. 11. Calibrated Ṅair versus measurements.
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Fig. 12. Configuration of a SOF

he calibration and the experimentally derived values exceeds the
easurement uncertainty. This result indicates the potential for

mprovements to the form of Eq. (12), although additional data
nder a greater range of operating conditions would be required
o explore this.

. Demonstrated application of calibrated model

The process elaborated in the previous section was repeated
or all aspects of the model. The interested reader is referred to
29] which provides the complete set of calibration parameters to
ccurately represent the performance of this 2.8 kWAC SOFC micro-
ogeneration device.

The calibrated model can now be used to accurately simulate the
hermal and electrical performance of this prototype device when
oupled to a house’s thermal plant. This is demonstrated through
he use of the ESP-r simulation program [9], which includes the
EA/ECBCS Annex 42 model, in conjunction with the calibration
arameters presented in this paper. An ESP-r simulation model
as configured to represent a typical 20–30- year-old detached

wo-storey Canadian house with 160 m2 of conditioned floor area.
hen conditioned to 21 ◦C and simulated with Ottawa weather

ata, the house has an annual space heating demand of 78 GJ,
hich is typical of this vintage of construction, house size, and

ocation.
The SOFC micro-cogeneration device is coupled to supporting

lant components as illustrated in Fig. 12 in order to provide the
ouse’s space heating. The thermal output of the SOFC micro-
ogeneration device is transferred to a water storage tank by a
irculating pump. When the house’s temperature drops below
0.5 ◦C, the second pump cycles on to circulate hot water from the

ank through a water-to-air heat exchanger. Likewise, the fan cycles
n to circulate air from the house through the heat exchanger and
elivers this warmed air to heat the house.

The tank’s make-up burner cycles on when then tank temper-
ture drops below 50 ◦C. To avoid excessive temperatures, energy

w
3
w
t
r

o-cogeneration heating plant.

s extracted from the tank and rejected to the environment when
ts temperature rises to 92 ◦C. The SOFC micro-cogeneration device
s assumed to operate continuously throughout the year producing
.8 kW of AC power. It is assumed that the house can export power
o the central electrical grid when there is a surplus of power, and
mport from the grid when there is a deficit.

An annual simulation conducted with this configuration using
ttawa weather data predicted that 9366 m3 of natural gas
ould be consumed by the SOFC while another 745 m3 would be

onsumed by the make-up burner. Over the year, the SOFC micro-
ogeneration device would generate more than two and a half
imes the electrical demands of the occupants and plant equipment
pumps and fan), resulting in a net export of 53.4 GJ of electricity
o the central grid. Due to temporal mismatches between electri-
al production and demand, some importation from the grid would
lso be required. The monthly integrated electrical balance is illus-
rated in Fig. 13.

Some important observations regarding the suitability of this
onfiguration can be drawn by examining the monthly integrated
hermal energy balance on the water tank (see Fig. 14). As can
e seen, during the winter months the SOFC micro-cogeneration
evice’s thermal output is insufficient to meet the house’s space
eating demand. Consequently, extensive use of the tank’s make-up
urner is required. During this period, the tank never overheats and
hus no dumping of heat is required. During the summer, however,
he vast majority of the SOFC micro-cogeneration device’s thermal
utput is wasted. There is also significant dumping of heat during
he spring and autumn due to temporal mismatches between ther-

al production by the SOFC micro-cogeneration device and space
eating demands. During this period, the make-up burner often
ycles on in the early morning to meet space heating demands,

hile the heat dumping facility is activated later in the day. Fully

6.5% of the SOFC micro-cogeneration device’s thermal output is
asted through the heat dump facility while another 9% is lost due

o heat transfer from the tank’s external surfaces to the containing
oom.
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ig. 13. Monthly integrated electrical balance for house with SOFC micro-
ogeneration device.

These simulation results identify a number of areas where
he performance of the SOFC micro-cogeneration-based heating
ystem might be improved to increase overall system efficiency.
urther analysis with the calibrated model could lead to improve-
ents in the design and operation of the coupling between the

OFC micro-cogeneration device and the heating plant. Alternate
chemes for utilizing the SOFC micro-cogeneration device’s ther-

al output, such as DHW heating and/or thermally activated

ooling, could be explored. The potential impact of design improve-
ents to sub-systems, such as the DC–AC power conditioner or

as-to-water heat exchanger, could be explored by adjusting some
f the calibration coefficients determined in Section 5. Hypothetical

ig. 14. Monthly integrated thermal energy balance on tank coupled to SOFC micro-
ogeneration device.
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evices could be analyzed if methods existed to establish appro-
riate coefficients for the model’s sub-systems. This would enable
nalyses focused upon optimizing the output capacity and control
f SOFC micro-cogeneration devices at early stages of design.

. Conclusions

Previous research has produced a mathematical model for
imulating the thermal and electrical performance of SOFC
icro-cogeneration devices and which is suitable for use in whole-

uilding simulation programs. This is a system-level model that
onsiders the thermodynamic performance of all components
hat consume energy and produce the SOFC micro-cogeneration
evice’s thermal and electrical output. Each of the model’s nine
ontrol volumes represents a sub-system that produces electrical
ower, supplies air, captures heat from the hot product gases, etc.

Through example, this paper has demonstrated how this
odel can be calibrated to represent the performance of specific

OFC micro-cogeneration devices. The experimental procedures
hat were employed to test a prototype 2.8 kWAC SOFC micro-
ogeneration system were described in detail. The experimental
onfiguration, types of instrumentation employed, and the oper-
ting scenarios examined were treated. The propagation of
easurement uncertainty into the derived quantities that are

ecessary for model calibration was demonstrated by focusing
pon the SOFC micro-cogeneration system’s gas-to-water heat
xchanger. The calibration of the model’s empirical coefficients
as then demonstrated. The results of this calibration approach
ere presented for the gas-to-water heat exchanger, and for the

uel cell power module’s electrical conversion efficiency and air
upply. Although not presented here, the same methods and exper-
mental data were used to calibrate the other aspects of the model
or this prototype device, namely its transient response, its DC–AC
ower conditioning system, its dilution air system, and its thermal

osses. The reader is cautioned that the calibrated empirical coef-
cients presented in this paper are only valid within the ranges of

ndependent variables examined in the experiments.
The result of this work is a calibrated model that can accurately

imulate the thermal and electrical performance of this 2.8 kWAC
OFC micro-cogeneration device when coupled to a house’s ther-
al plant. An illustration of the types of analyses that have been

nabled with this work was given by focusing upon the integra-
ion of a SOFC micro-cogeneration device with a house’s space
eating system. This demonstration of the modelling capabilities
evealed a number of areas where the performance of the SOFC
icro-cogeneration-based heating system might be improved to

ncrease overall system efficiency and described how the model
ould inform the design and development process for SOFC micro-
ogeneration devices.

A total of 45 experiments were conducted to gather the
ecessary data to calibrate the model for the 2.8 kWAC SOFC micro-
ogeneration device. The results presented here have demonstrated
hat the mathematical form of the individual terms of the model
ell represents the functional dependency upon the independent

ariables. However, these results do not speak to the validity of the
alibrated model to accurately predict performance under operat-
ng regimes other than those examined during the 45 experiments.
n fact 16 additional experiments were conducted (disjunct from
he 45 experiments used to calibrate the model) to empirically val-
date the model and its calibration, the results of which will be

eported in a future paper.

Future research will apply the calibrated model to examine the
hermal and electrical performance of the 2.8 kWAC SOFC micro-
ogeneration device in various residential buildings, in various
limates, and under various operating scenarios to contrast the per-
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ormance of the technology to conventional heating and electrical
upply systems. Using the techniques described here, the model
ill also be calibrated to represent the performance of other proto-

ype SOFC micro-cogeneration devices and configured to represent
ypothetical devices to guide research and development efforts.
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