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Abstract

Integration of a Stirling engine in a biomass boiler can be an interesting renewable alternative for the supply of heat and
electricity in isolated homes located in areas where local biomass is available and during months when sunlight is low. Since
this integration requires a careful coupling of the engine and boiler, an integrated model of these two devices is a relevant issue.
In this case, a modular integrated model of a 25 kWi, biomass pellet boiler, fire-tube with a cylindrical water jacket, coupled
to a 1 kW free piston Stirling engine is presented. To model the boiler, and take into account the location of the Stirling head,
the zonal method was chosen, which allows estimating this temperature from an additional set of surrounding temperatures.
For the Stirling engin, a model widely used to evaluate those engines was used. Various software tools have been used to
integrate the model sequentially. The integrated model predicts the thermal and electrical production based on different opera-
tion parameters, such as the boiler load in 5% fractions of its load from 50 to 100%. The obtained results, which will be
validated with the experimental setup, show a maximum output of approximately 600 W for the engine and a decreasing tem-
perature profile in the combustion chamber, as a function of the partial load.
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1. Introduction

In the field of combined heat and power generation in the form
of cogeneration, integrating a domestic biomass boiler (BB)
with a Stirling engine (SE) allows for the provision of both de-
mands [1,2]. It may be enough to meet the needs of a household,
especially in isolated areas where biomass is available in certain
abundance and where, in many cases, the power grid supply may
be distant. Unfortunately, the high investment costs of Stirling
technology make it scarcely competitive compared to other tech-
nologies, such as photovoltaics (PV). Still, it can be a cost-ef-
fective option in cold areas with low electricity demand and high

heat demand for heating and domestic hot water. Alternatively,
this technology may be the only feasible option in areas with
low solar insolation and limited space availability for placing
PV panels. Finally, the proposed scheme may complement solar
energy by operating in winter when radiation is low.

The research focused on modelling and improving SE re-
mains relevant [3] within a power range from 1 to 225 kWe. Free
piston type Stirling engine (FPSE), due to its simplicity in trans-
mission, long operating life, low sound pollution and high effi-
ciency, is usually selected as SE [4]. Anyway, it is very complex
to design, and its start-up is also complex. Its performance has
been studied in-depth for diverse typologies [5], and its efficie-
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Nomenclature

a — weight coefficient (WSGG model)
A —area, m?
¢ - coefficient associated to the k value (WSGG model)
cp —specific heat, J/(kg-K)
d - hydraulic diameter, m
D - diameter of the combustion chamber, m
E - emissive power, W/m?
— frequency, Hz
v — friction coefficient
G —mass flow rate of the working fluid, kg/s
g8 — gas-gas DEA matrix
GG — gas-gas TEA matrix
GI—G)— gas-gas DFA matrix
G, S, gas-surface DFA matrix
h - heat transfer coefficient, W/(m?-K)
k — absorption coefficient of the WSGG model, m™!
I —length, m
m — mass stored, kg
M —mass (in SE), kg
Nu — Nusselt number
P — pressure, Pa
Pr — Prandtl number
Q@ —heat rate, W
R — specific gas constant of helium (2078 J/kg-K)
R - auxiliary matrix for TEA calculations
Re — Reynolds number
Sg — surface-gas DEA matrix
SG - surface-gas TEA matrix
SS — surface-surface DEA matrix
SS — surface-surface TEA matrix
TS,— surface-surface DFA matrix
T —temperature, K
V  —volume, m?

— —h

:

Greek symbols
& —emissivity, effectiveness
n — thermal efficiency

ncy varied from 3% to 41% depending on the applied model.
Hybrid SE-PV systems could considerably reduce CO; emis-
sions by up to 69% compared with diesel generators [6].
A model of 3.9 kW to be supplied by biomass or solar energy
is presented in [7] and considered a renewable energy source.
Using waste heat from SE to feed an Organic Rankine Cycle
(ORC) in a cascade improves the SE performance by 63% to
66% [8]. In some cases, a program has been implemented that
allows the design to be modified and the SE model to be selected
to calculate its performance. However, it requires a lot of infor-
mation [9]. Despite its limited commercialization and, therefore,
confidentiality in the design, there are experiences of expe-
rimental validation for diverse but limited sizes. In [10],
a 4.03 kW engine was optimized by combining the model and
the performed tests. On the contrary, in [11], less than 1 W was
tested in a small SE with also reduced efficiencies (6%). Typi-
cally, SE is powered by heat from fossil fuels. Integrated micro
combined heat and power (LCHP) unit with an SE and a natural

6 —crank angle, rad

A —conductivity, W/(m-K)

M —Viscosity, Pa-s

p —reflectivity

o - Stefan-Boltzmann constant, 5.67-10-8 W/(m2-K*)

Subscripts and Superscripts

Cc —compression

cb — combustion

Cv — convection

e —expansion, electrical

j —zone

g - gases (in the combustion chamber)
h —exhaust gases (inside of water jacket), heater
i —zone, volume

j  —zone, volume

k —cooler

n —grey gas number

p —internal wall

r —regenerator

rd — radiation
s —surface
th — thermal

w — water, wetted, wall

Abbreviations and Acronyms

BB - biomass boiler

UCHP— micro combined heat and power
DEA - direct exchange areas (matrix)
DFA — directed flux areas (matrix)

EES — Engineering Equation Solver
FPSE- free-piston Stirling engine

LHV — lower heating value

ORC - organic Rankine cycle

PL - part load operation

PV - photovoltaics

SE  — Stirling engine

TEA - total exchange areas (matrix)
WSGG- weighted sum of grey gases (model)

gas boiler has been studied in terms of modelling and experi-
mentation [12], providing up to 1 kW, for domestic boilers.
In [13], the overall efficiency of the uCHP unit was close to
100% based on the LHV by using an SE with Na.

There is hardly any scientific literature on the subject of in-
tegration of a BB feeding a SE. The main works are those of
Choque and Araoz [14] and Cardozo et al. [15]. Both papers an-
alyse a 1 kW, SE coupled with a 20 or 30 kW BB. However, SE
is a two-cylinder of a gamma type, and the heater is made of
tubes, which is somewhat different than our SE. Damirchi et al.
[16] tested diverse biomass and obtained 96 W by a small gam-
ma type SE. Arashnia et al. [17] used the same gamma type SE
but modified the previous simple BB, with similar results of low
power obtained in the engine (< 100 W). This first research
group has also carried out a validation with an integrated model
of experiments of BB with SE [18,19]. In any case, the boiler
model is able to estimate the performance but does not detail
aspects of its design, which may affect a better capture of heat
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to obtain a maximum electrical production in the engine, as well
as avoiding as far as possible the formation of ash deposits in its
head.

Therefore, and after the humble analysis by the authors of
the state-of-the-art integrated model of a BB with an SE, it has
been found that there is no such model, at least with a similar
level of detail in both pieces of equipment. An integrated, mod-
ular and flexible model that allows us to analyze the variations
in certain design parameters of the biomass boiler, and to see
how they affect the production and reliable operation of SE con-
stitutes a novelty.

In this article, both BB and SE are modelled sequentially.
First, the model of BB is used to obtain temperature values, par-
ticularly in the area where the heat receiver is located, which in
turn is used by the SE model to estimate the expected perfor-
mance of the engine. Accordingly, the integrated model aims to
estimate the expected production of heat and electricity from
both units, which will later be tested in an already-constructed
experimental facility.

2. Materials and methods

The modelled BB is a commercial unit of 25 kW4, with a some-
what particular configuration (BioCurve BCH25). It is a fire
tube, with the combustion gases from the combustion chamber
circulating inside the tubes within a cylindrical water jacket.
This boiler has the advantage of condensing water vapour of flue
gases, which increases its efficiency, and has a system for clean-
ing the gas circuit with water.

As for SE, the approximate model basis is a 1 kW, Free-
Piston Stirling Engine (FPSE), whose working fluid is helium
(Microgen/MEC, biomass Stirling converter). Its approximate
operating range is for temperatures of its heat source around
180-550°C. Figure 1 shows the diagram of the experimental fa-
cility supporting the developed models. It should be noted that,
in order to increase the efficiency of SE, it has an independent
cooling system. Different software tools have been used for the
model, taking advantage of each of their capabilities to make it
more flexible.
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Fig. 1. Experimental facility of the hybrid BB+SE system.

2.1. Biomass boiler model

The following Fig. 2 shows the conceptual diagram of the se-
quenced sub-models used to solve this BB model. In the end,
thirteen temperatures of the inner surface (Ts,), nine tempera-
tures of gases (Tg,), eight of exhaust gases and water inside the
jacket (Tni, Tw,i), and other less relevant eight internal tempera-
tures are obtained (Tp,i). One of the temperatures corresponds to
the approximate location of the SE head placed in a vertical po-
sition, which will be crucial for examining the performance of
the engine under partial load conditions of the boiler. The posi-
tion of SE in the upper part of the boiler can be seen in Figs. 1
and 3. In the experimental facility, a lifting mechanism has been
introduced that allows removing the engine quickly to prevent
its overheating in case of a safety trip in the boiler or the engine
itself. It should be noted that a metallic piece of cylindrical shape
was located in the inner part of the commercial boiler to redirect
gas flow towards the water jacket, but it has been removed to
introduce the SE heater; accordingly, this piece is not present in
the model.
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Fig. 2. Block scheme of the BB model.
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Fig. 3. Gas volumes and surfaces for the zone method in BB.

The heat rate provided by combustion and gas flow, as well
as the circulating water flow rate, were provided by a model cre-
ated by the Engineering Equation Solver (EES) using data from
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an average pellet fuel composition in Spain [20] (see Table 1)
and excess of air, giving the efficiency at partial loads adjusted
to the offering of around 30 biomass boiler models available on
the market, where condensation is only offered in rare situations.

The zonal method with nine gas zones (Tg,;) and thirteen sur-
faces (Ts,i) has been developed to estimate the net radiative bal-
ance in the combustion chamber, as detailed in Fig. 3.

Table 1. Biomass averaged composition.

Chemical element % (or ki/kg)
c 45.4

H 5.755

N 0.087

S 0.1293

a 0.0054

o 40.94

w 7.628
LHV (dry basis) 17 566

The direct and total exchange areas were obtained using ma-
trix algebra tools in Excel. Regarding the direct exchange areas
(DEA), given the purely cylindrical geometry of this boiler in its
simplification, the values available in Appendix 7 of the refer-
ence book on the subject [21] have been used. Based on the pre-
viously obtained DEA (surface-surface ss, surface-gas sg and
gas-gas gg) and the emissivities ¢, reflectivities p and areas A
of each enclosure surface, an equation for the total exchange ar-
eas (TEA) SS,SG, GG can be seen in the following Egs. (1) to
(4) by using matrix algebra [22]:

S==¢Al-R-55- ¢, (1)
SG = £Al - R - 58, 2
GG=gs-pl-R-5g+ g8, ®3)
R =[Al—55-pI] L. 4)

Subsequently, a second EES file performs the net radiative
balance of the gas zones and interior surface zones of the com-
bustion chamber, using the direct flux areas (DFA) based on the
gas or surface temperatures and applying the Weighted Sum of
Grey Gases (WSGG) model, which includes soot and particles
due to biomass combustion, as described in [22]. The DFA
S.S,,G.S,, G,G, can be obtained for a grey-diffuse gas zone i or
asurface i as a function of the abovementioned TEA for each
attenuation coefficient kyn of the WSGG model, as follows in
Egs. (5) to (7):

— N _
Sls] = nil aS,n(Tl) : (Ss)k:kg'ny (5)
P N J—
GS, = anl ag,n(Tg,i) : (Gs)kzkg'n: (6)
— N .
GG =%7, ag,n(Tg,i) : (GG)k=kg'n- (7)

The previously mentioned as,» or agn Weight coefficients for
the WSGG model used are presented in Egs. (8) and (9):

r \/7!
a; = Z?’il Ci j (Tef) 1 (8)
N
Ao =1-37 a; )

The four kg values in the WSGG model are 0 (transparent),
0.2715, 2.5005 and 39.1395 m™2, respectively, each one includ-
ing five ci; coefficients [23], the reference temperature for nor-
malization T being equal to 1200 K.

Therefore, the net radiative balance for the case of a surface
A is presented in Egs. (10) and (11), where E; is the emissive
power of the surface A;:

271:1?5] “E; + Zielﬁ "Egj— A& Ep = Qrqys (10)
E,=0-TH (11)

The energy balance of a volume zone V; is then presented in
Egs. (12) and (13), where Eg; is the emissive power of the gas
volume i:

Z;=1 GG, - Eg;+ Z§‘=1§G: “E; +
Ng
—4- Zn:l Agn * kg,n Vi Eg,i = Qrd,iv

— 4
Egi =0Ty

(12)
(13)

Finally, in this section, the energy balance (heat rate Q in
steady state) of a gas zone i is formulated as in [24], including
the energy from the combustion (if proceed), the one of the gas
flow at the inlet and outlet of the volume, convection with the
walls, and further conduction losses to the outside of the boiler,
see Eq. (14):

Qcp + Qrai — Qcv,i + Qg,i - Qg,i—l =0.

The term related to convection is calculated as follows in
Egs. (15) and (16), where h, Nu, Re, A, Pr and D are the convec-
tion coefficient, Nusselt number, conductivity, Prandtl number
and diameter of the combustion chamber, respectively:

- Ts,i)l

h = Nu;A _ 0.023-Re®8.pr-a
Pi= L = -
D D

(14)

Qcvi = hi - Ay - (T, (15)

(16)

A simpler balance was also used for any surface A, , consid-
ering that radiation and convection are transferred by conduction
toward the water jacket.

Once the energy balance of the combustion chamber is com-
pleted, the fourth EES sub-model performs the energy balance
in the internal walls (Ty,), water jacket (Tw,), exhaust gases in-
side of the jacket (Th;) and the lower enclosure between the area
closest to the burner and the water jacket, which has a passage
section reduced by half due to a metallic piece in the boiler (al-
ready included in Ty or Ts;). The input data for this latest boiler
sub-model uses the inner surface temperature profile from the
radiative model and gas temperature Tq1. An energy balance clo-
sure is considered when the boiler inputs and outputs (losses in
gases, walls heat rate transferred to water) are less than 50 W: if
not, some boiler design parameters are modified (emissivities,
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generally, in some areas) and the Excel-3 EES simulation se-
quence is repeated.

2.2. Stirling engine model

To model FPSE is a quite complex issue, as its integrated oper-
ation of the piston and displacer on the same axis, to avoid the
crankshaft mechanism present in other types of SE («, 7), re-
quires a dynamic model considering the characteristics of the
springs and dampers that make it up [25]. Anyway, such models
are related to the design of SEs rather than the analysis of their
performance. In this work, the most interesting aspect is to pre-
dict the electrical generation considering the heat rate provided
by the boiler according to its regime. Thus, the three well-known
thermodynamic models sequentially presented by Urieli and
Berchowitz [26] have been adapted from the available code im-
plemented in MATLAB [27] and tested for some commercial
SE. Figure 4 shows a schematic of the free piston Stirling en-
gine, but placed vertically upwards, and Fig. 5 shows the se-
quential model developed to further integrate it with BB. The
program provides both overall power and performance values,
as well as cycle parameters.

111!

L —

4 -
Heater
Regenerator

Cooler

Fig. 4. Sketch of the modelled FPSE.

The model starts with the most basic scheme (Schmidt iso-
thermal model) that provides an initial estimation of power, cy-
cle efficiency, average working pressure and gas mass required
in the cycle. Previously, the dimensions of the engine and work-
ing fluid were requested for preliminary analysis.

The second model includes a more realistic situation. Now,
the compression and expansion processes are not considered iso-
thermal but adiabatic. This implies a reduction in the efficiency
of the thermodynamic cycle. The model already has a certain
complexity, including solving a differential, incremental and
conditioned equations system, which can be solved relatively
quickly using the Runge-Kutta method.

The system consists of twenty-two variables and sixteen de-
rivatives to be solved in a complete cycle (8= 0-2x rad), includ-
ing seven derivatives that must be integrated numerically (T¢, Te,
Qx: Qr, Qn, We, We), nine variables that are analytical derivatives
(W, p, Ve, Ve, me, My, My, mp, Me). Six are conditional indefinite
derivatives (Tek, The, Mck, Mkr, Men, Mre). Equations involved in

P, (Pa), T, T, (K), f(Hz)
Basic FPSE dimensions

¥
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Fig. 5. Block model for FPSE.

the adiabatic model are included in Egs. (17) to (47).
First, Egs. (17) and (18) are for pressure calculation and its
variation in SE:

- V. Ve yVie vy Vny Ve
p=M R/(Tc+rk+rr+rh+re)’ (17)
ave dv
dp = A o ) (18)
= Ve (Vi Vr Vh), Ve
chk+ (Tk+T:+Th)+Thee

Equations (19) to (23) are related to mass calculations in the
five volumes of SE:

me = oo, (19)
my = 22 (20)
m, =7k, (21)
my = 28 (22)
m, =22t (23)

Alternatively, Egs. (24) to (28) estimate the mass accumula-
tions in those five volumes:

p-dVe+Vedp/y

dm, = 731”;( , (24)
p-dVe+Ve-dp/y

dm, = —;-T:e : (25)

137



Uche J., Usén S, Gdmez J.A.

dm, =m, ‘%” (26)
dm, =m, %” 27)
dmh = mh . dPTp (28)

The mass flow rates between the five volumes of SE are
shown in Egs. (29) to (32); see Fig. (6) for details:

My, = —dmg, (29)
My = Mgy —dMy,, (30)
My, = dm,, (31)
My = Mpe, + dmy,. (32)

Simple model (distribution temperatures)

T, p s Ot Qrjoss

ck

Temperature

Qli"Qr'.Iuss

Heater Expansion
Space

Compres. Cooler
Space

Regenerator

Fig. 6. Temperature profile of the simple model applied to FPSE.
Adapted from [27].

Temperatures in the SE interfaces (compression-cooler and
heater-expansion) are calculated depending on the mass flow

rate sense, according to Egs. (33) and (34):
if mg, > 0thenT,, =T, else T, = Ty, (33)
if Mpe, > 0then Ty, =Ty else Ty, = T,. (34)

Then, the evolution of the temperatures in the compression
and expansion volumes is estimated in Egs. (35) and (36):

=7 . (%4 Ve _ dmc
dT, =T, - (L + 5 - 2), (35)
d avVe dme
dTe = Te . (?p—}_V_e_mle). (36)

Energy balances in cooler, regenerator and heater volumes
of SE are formulated as follows in Egs. (37) to (39):

dQy =V -dp- %} & (Tere = Mgt = Ty - Myepr), (37)

. %’ _ Cp . (Tk . mkr' — Th . mrhl)l (38)

C

th = Vh ' dp Ev —Cp- (Th *Myp — The : mhe/)- (39)

Finally, the work generation in SE is computed by Egs. (40)
to (43):

dw, =p-dV, (40)
dw, =p - dV, (41)
dw = dw, + dw,, (42)
W =W, + W, (43)

The third model, curiously named Simple, also considers the
heat transfer and pressure losses in the three heat exchangers of
SE (heater, regenerator and cooler), especially the effectiveness
of the regenerator based on parameters such as its porosity, as
they significantly affect the final engine performance in terms
of efficiency and generation (W). This third model is what es-
sentially causes the different performances of SE to vary aside
from the dynamic mechanism of the relative piston-displacer
movement of these engines. This is due to the wide range of se-
lections in the design of heat exchangers chosen for the heater,
cooler and regenerator in this third model, which in turn is
clearly dependent on the dynamic design performed.

In particular, since SE operates cyclically, the regenerator
effectiveness ¢ is not practical in maintaining the classical defi-
nition based on the enthalpy exchange with respect to the maxi-
mum [25]. In this case, the amount of heat transferred from the
gas to the regenerator in the cycle is compared with respect to
the ideal adiabatic cycle, Qr, being 0 in the worst case (no regen-
eration) and 1 in the best case (ideal regenerator). With a non-
ideal regenerator, the working gas exits from the regenerator at
a lower temperature than that of the heater. Thus, non-ideal ef-
fectiveness is then traduced into an additional heat 10ss Q. joss.
see Eq. (44), thereby increasing the temperature of the hot
source of SE and decreasing the cooler one, as estimated in
Egs. (45) and (46). Typical correlations for the forced convec-
tion coefficients h in the heater and cooler were used in the
MATLAB code: Ay, their wetted areas.

Qr,loss =1-¢)- Qr, (44)
_ _ (Qh+Qr,losS)'f

R (45)

T, = Ty — (Qk—Qr,loss)'f. (46)

hi-Aw,k

This parameter significantly affects the thermal efficiency
n of FPSE compared to the one obtained for the adiabatic model
1. [26,28], which performs the heat transfer process at constant
volume, usually in a mesh, see Eq. (47):

n=rg T (47)
ol

The Simple method also considers the power loss associated
with pressure drop dP in the three SE exchangers. As an exam-

ple, Eg. (50) shows the associated dP; to the regenerator.

Pumpyoss = f(dP -dV) - f, (49)
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2-frph VG-l
dPrz freu 'r2 r
Mmy-ds

(50)

It can be complemented with additional pressure losses due
to the finite velocity of the piston or the internal conduction
(“shuttle”) losses by the regenerator [9,29], heater and cooler
walls. Still, they are not included here for the sake of simplicity.
Furthermore, its value is also much lower than the power reduc-
tion associated with the Simple method. For all these reasons,
the Simple method is considered the closest to the real value that
an SE will measure in its operation.

3. Results analysis

3.1. Biomass boiler

Given the complexity of solving the boiler model, which is
highly sensitive to the zonal method solution and especially to
the emissivity of the analyzed surfaces, the modelling of the
boiler has been studied with a typical excess air for this type of
boiler of 10% measured in Oz in gases, an outlet water tempera-
ture of 40°C, and an inlet water temperature depending on the
partial load, which varies from 22°C to 30°C for the load range
from 100% to 30%, according to the Spanish regulations regard-
ing the certification of boiler efficiency [30]. A constant water
flow rate (20 I/min) is assumed, so the outlet gas temperature is
even lower at low loads since heat transmission is reduced when
the gas flow rate is also reduced with the load. This temperature
varies between 45°C and 49°C. This is why very similar effi-
ciency values are obtained for this boiler throughout its possible
operating range: In all cases, the thermal efficiency of the boiler
yields values around 97% based on the lower heating value
(LHV), which are high values and very close to condensation.
Anyway, these values correspond to hot water production at
a low temperature (40°C) and are consistent with the independ-
ent simulation of efficiency performed with EES.

The BB modulation has only been studied from 50% to
100% in 5% variation steps, considering the subsequent connec-
tion with SE, which will require high temperatures to stay warm
and produce electricity.

The following Fig. 7 shows some of the most relevant tem-
peratures of the simulated model (see Fig. 2 for their location),
demonstrating a clear trend based on the partial load. For exam-
ple, the temperature difference Tg1 for the gases toward the wa-
ter jacket varies by about 150°C between the minimum and max-
imum loads (539-382°C). It is also very interesting to analyse
the temperature difference between the gas volume and its metal
wall (Tsi—Tp,i), which has 80 | of water in its jacket on the other
side. A difference of 400-350°C is maintained for high loads,
decreasing to 350-300°C for the lowest loads, given the lower
temperatures in the combustion chamber. It can also be seen that
the gas decay profile (Tn;) inside the jacket is much higher at the
beginning than at the end of its path, and the water temperature
increase (Tw,), in countercurrent and upwards, heats up accord-
ing to this thermal jump on the flue gas side. Regarding the ac-
tual measurements, the temperature probe is located approxi-
mately at the height of Tg,; the values obtained are very reason-
able, from 597°C to 440°C. It must be said that this parameter
has much higher safety limits in the commercial BB, but it is not

a control parameter since the boiler is mainly controlled by the
0O, measured with a lambda probe.

1000

800 TS

Tg,1=Th,1

Temperature (°C)
2

Fig. 7. Temperature profiles of the BB depending on the PL applied.

3.2. Stirling engine

The effects of the boiler performance on SE are significant in
that the temperature values obtained for the heater (Ts7), depend-
ing on the partial load of the BB, proportionally affect both the
thermal efficiency and the expected electrical production. In cal-
culating this temperature, there are two fundamental parameters
that affect its final value: the proposed emissivity for the heater
and the conduction resistance of the SE assembly. In this case,
an emissivity value of 0.5 was taken for the SE heater, consid-
ering it a polished receiver but exposed to fouling from the com-
bustion of various types of biomass. Regarding the resistance
value, a figure of 0.5 K/W has been selected. This implies tem-
perature values in the range of 190-305°C depending on the
boiler load, with an electrical production in the range of
200-650 W (see Fig. 8) and increasing electric efficiencies in
the order of 8-22% (simple model, see Fig. 9). Those values are
comparable for the reduced number of commercial SEs. It is also
evident in the previous figures that there is a reduction in pro-
duction and efficiency loss as a more detailed and realistic ther-
modynamic model is gradually included. The difference be-
tween the isothermal and adiabatic models is that they are not so
crucial in estimation of efficiency and produced power, as
shown in other studies [5,9,26].

Power (W)

Schmidt

PL (%)

Fig. 8. Projected power generation in SE depending
on the applied BB part load and SE model.
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Efficiency (%)

PL (%)

Fig. 9. Electrical efficiency of SE as a function
of the BB part load and SE model applied.

The greatest difference is shown in the jump from the adia-
batic model to the simple one, where, above all, the impact of
the regenerator effectiveness (about 0.6 on average) is much
more significant than the power losses associated with the pres-
sure drop of the three SE exchangers (heater, regenerator and
cooler). In the same studies, the difference could also be seen.

It is important to note that heat recovery in this BB is differ-
ent from other systems where the heat recovery unit is located
behind the combustion chamber, and this does not favour heat
capture by SE, which is the main reason for not reaching the
nominal power and find relatively low heater temperatures. On
the other hand, in the actual SE installation, the temperature of
the cold focus will be limited by the cooling capacity of the sys-
tem associated with the cooler. In this case, this effect has not
been considered, and the cooling temperature taken was 300 K
for the model. Although this value is less important than the
heater temperature, it must be controlled within reasonable lim-
its to have a good efficiency.

Furthermore, it should be noted that the SE heater design
may vary, given the variety of models, and, in particular, the de-
sign required for the heater, considering the potential fouling
that occurs during biomass combustion, which prevents the in-
stallation of fins to increase heat capture.

4. Conclusions

In this article, an integrated model of a biomass boiler is pre-
sented, which includes the zonal method for radiative exchange
using the WSGG model and energy balances in the meshing per-
formed for the zonal method, as well as a combustion model to
estimate gas production, its composition and estimated gas and
water outlet temperatures. The calculations were carried out us-
ing Excel and, subsequently, three successive EES files. The in-
ternal temperature values and the efficiency for a partial load
ranging from 50% to 100% were obtained from the model.

The main advantage of this BB model is that it also provides
the temperature values available in the area where the heat re-
ceiver of SE is expected to be installed. In the successive mod-
elling of this SE in MATLAB, production values of up to
650 W and efficiencies of 22% were obtained in the best cases,
assuming an emissivity of 0.5 for the engine receiver. This fig-

ure is very similar to the average production offered by a bio-
mass boiler manufacturer that incorporates SE in its upper part.

Regarding the model error analysis, its validation is planned
to be carried out shortly using experimental data obtained from
the recently completed facility, including the real-time acquisi-
tion of specific measurements for both BB and SE. In any case,
it will only be possible to validate some values since the real
instrumentation only measures values such as Tg, the tempera-
tures of the gas (Tng) and water inlet and outlets (Twg, Twa) in
BB, and the temperature of the SE head (Ts7) in the SE control-
ler. It should also be made clear that the model is a simplifica-
tion of the actual installation since SE will have a specific verti-
cal movement and, therefore, the combustion chamber will not
be precisely a cylinder, which gives it a particular uncertainty
associated with the validation due to these undesirable geomet-
rical effects. Since the BB model is based on a zonal radiation
model, it depends on the meshing used to create it. According to
Larsen and Howell [31], the maximum error in temperatures or
heat fluxes is less than 1.5% for a similar meshing example. In
the case of SE, the articles mentioned in section 3.2 have found
an error relative to a real SE of around 3-4% in the best cases.
With all reservations, the model is expected to yield an error of
less than 10% in the experimental measurements taken.

This model is more flexible than the actual installation as it
allows for modification of aspects that are not feasible in said
installation, and therefore, once validated, can be a way of pro-
posing improvements to the installation because of the results.
In any case, it is necessary to comment that the sequential model
is very sensitive. Any modification of a substantial parameter in
the model requires recalculating all downstream modules from
the modified one till its convergence. Nevertheless, certain pa-
rameters have already been identified as crucial in these models,
such as:

e The emissivities ¢ of the internal surfaces of the boiler en-
closure, especially that of SE and the surface where com-
bustion (flame, Ts13) takes place;

e The treatment of the area adjacent to the burner outside the
irradiated enclosure. Currently, it has been considered that
there is no participatory medium in the radiation between
the inner walls of BB (Ts,) and the outer walls of the water
jacket (Tp,);

e The thermal resistance is assumed for the entire SE assem-
bly since, in the energy balance of the combustion cham-
ber, it is a relevant loss that greatly affects the value ob-
tained from Ts7 (input of the SE model);

e The excess air in combustion would vary the gas tempera-
ture profiles and thus produce less (or more) hot water and
electricity from this hybrid system;

e The section considered for the exit of combustion gases in
the burner involves the treatment of gaseous convection in
the internal boiler enclosure, which is very sensitive to ex-
isting passage sections.

The ultimate goal is to produce enough power from this
boiler, making it a self-sufficient system in isolated and wooded
areas where solar resources are scarce but biomass is abundant.
This can be achieved by maintaining the SE head temperature
above 350°C.
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