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Abstract: The impact of vapour compression refrigeration is the main push for scientists to find
an alternative sustainable technology. Vapour absorption is an ideal technology which makes use
of waste heat or renewable heat, such as biomass, to drive absorption chillers from medium to
large applications. In this paper, the aim was to investigate the feasibility of a biomass driven
aqua-ammonia absorption system. An estimation of the solid biomass fuel quantity required to
provide heat for the operation of a vapour absorption refrigeration cycle (VARC) is presented;
the quantity of biomass required depends on the fuel density and the efficiency of the combustion
and heat transfer systems. A single-stage aqua-ammonia refrigeration system analysis routine was
developed to evaluate the system performance and ascertain the rate of energy transfer required to
operate the system, and hence, the biomass quantity needed. In conclusion, this study demonstrated
the results of the performance of a computational model of an aqua-ammonia system under a range
of parameters. The model showed good agreement with published experimental data.
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1. Introduction

Refrigeration and cooling demand, either for indoor climate control or preservation and chilling
purposes, cuts across every region of the globe. Conventional refrigeration and air-conditioning
systems are high energy intensive systems [1,2]. In cases where a vapour compression refrigeration
cycle (VCRC) applies, and a conventional energy source is used, the resulting climatic impact is
two-fold—the effect of carbon dioxide emission from fossil fuel, and the ozone depletion effect
from Hydrochlorofluorocarbons (HCFCs) and Hydrofluorocarbons (HFCs) refrigerants used in these
systems. Research and development of technologies, aimed at reducing both the energy consumption
and environmental impact of these systems, is on-going [3,4]. Ground source heating and cooling
is one such emerging technology [5]. This involves exploring the ground’s huge capacity to receive
and supply heat for space heating and cooling. Others are solar powered refrigeration systems
(mechanical compression or thermal sorption) [6,7], ground coupled solar panel cooling [8], and
passive heating and cooling [1]. Passive heating and cooling involves strategic control of thermal
conditions in buildings to improve indoor atmospheric conditions with near-zero energy consumption.
The technology promises a huge energy benefit. However, its impact falls outside heavy refrigeration
demands, and its application to existing buildings will be of high capital intensity, where possible.
The vapour absorption refrigeration cycle (VARC) is a thermally driven system with very low electrical
energy demand compared with the VCRC. VARC uses ozone depletion-free and environmentally
friendly refrigerants. The thermal requirement of the VARC system can be met by inexpensive sources
such as waste heat from industrial processes, and exhaust heat from engines, solar and biomass.
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As part of a trigeneration system, VARC is driven by hot water (Figure 1) generated in the boiler
and split in three ways by three separate valves leading to the three applications. Operation of the
absorption refrigeration systems with solar heat was studied by [7,9–14], and operation with waste
heat recovery was studied by [15–18]. However, literature on biomass driven absorption cooling is
scarce. In this paper, a computer model for the evaluation of a single-stage aqua-ammonia vapour
absorption refrigeration system is developed. An important and new novelty aspect of this model is
that the performance of the refrigeration cycle is coupled with the biomass fuel necessary to achieve it,
and also, the determination of the actual value of the refrigerant vapour at the generator exit (state
point 7, Figure 2) using the vapour split Rachford–Rice equation [19] which previous researchers
have assumed to be 100%; whereas, in this paper, it is actually determined using a combination of
Equations (17)–(19).
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Figure 1. Absorption refrigeration test rig.

2. Biomass Source to Drive Absorption Refrigeration

Biomass refers to fuels produced directly or indirectly from organic materials. This includes
plants, agricultural, domestic and industrial wastes. Biomass is carbon neutral and has been in use for
energy production since the beginning of time; for many parts of the world, it is still the main source
of heat. The growing production of biomass in recent times falls on the back of fossil fuel market
volatility, environmental considerations, security concerns and energy supply diversification. Modern
technologies have improved the efficiency of biomass fuels and enhance its cleanness far more than
the traditional uses which are mainly open fires. As the fourth largest energy source, it is widely
recognised as a potential sustainable global source of energy. The main annual global production of
biomass is estimated to be equivalent to the 4500 EJ of the annual global energy capture contributing
about 10% of the global primary energy demand mainly in the form of traditional non-commercial
biomass [20]; but now, biomass is known to be applied on a large scale with biomass boilers of over
500 MWth [21]; the potential to produce 50% of Europe’s total energy requirement from purposefully
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grown biomass such as dedicated energy crops and short rotation coppice (SRC) is proposed [22].
Most renewable energy sources depend on back-up power or a battery bank to forestall intermittent
supply [23]. Biomass is one renewable source that can be used in many applications with hardly any
need for back-up. This versatility is further enhanced by the emerging conversion technologies and the
improvement of the existing ones, making it a flexible energy source [24]. However, the economic and
environmental gains of biomass fuels are influenced by the proximity of the field-storage, and mode
of transportation to the point of utilsation [25]. Biomass used for fuels is categorized into two main
groups [26].

Woody Biomass:

• Forest residues;
• Wood waste;
• Crop residues;
• Wood crops (SRC, Willow, and Miscanthus).

Non-Woody Biomass:

• Animal wastes;
• Industrial and municipal wastes;
• High energy crops;
• Algae—a huge aquatic biomass source, with water covering about 75% of the earth.

Woody biomass is considered in this paper. The demand for biomass will vary for different end
users but will generally depend on:

• Boiler capacity;
• Boiler efficiency;
• Operating hours;
• Type and availability of biomass.

3. Modelling of the Aqua-Ammonia Refrigeration System

Figure 2 is a schematic of the VARC. The refrigerant vapour leaving the evaporator at state 10
(low temperature and pressure side) is absorbed by a weak solution of ammonia coming from a pressure
reduction valve at state point 6. After absorbing ammonia vapour, it becomes a strong solution
with respect to the concentration of ammonia in solution, and leaves the absorber at state 1 as
a saturated liquid—the enthalpy of condensation being rejected and hence, the heat rejection Qa

in the absorber. A liquid pump increases the pressure of the strong solution from the evaporator
pressure (pe) to the condenser pressure (pc) through the solution heat exchanger where it is preheated
by the warm weak solution and enters the generator at state 3. The strong solution is heated in the
generator to liberate the refrigerant. The weak solution leaves the generator at state 4 through the
solution heat exchanger and leaves the solution expansion valve (pressure reduction valve) at state 6
back to the absorber. The refrigerant enters the condenser at state 7 at high pressure pc and the heat Qc

is rejected to the surroundings by condensation at higher temperature. The liquid refrigerant leaves
the condenser at state 8 and undergoes isentropic expansion, and enters the evaporator at state 9 where
heat Qe is added from the space being cooled at low pressure, causing the refrigerant to boil, and the
vapour leaves to the absorber at state 10, where it is absorbed by the weak solution.

Based on Figure 2, ṁ1, ṁ6 and ṁ10 (kg/s) are respectively, the flow rates of the strong solution,
weak solution and the refrigerant, and x1, x6 and x10 are ammonia mole fraction in the weak solution,
strong solution and the refrigerant. hi (kJ/kg) is the state point enthalpy i = 1, 2, . . . , n is the state point.
Qi (kW) is the energy rate of change, where i = A, C, E, G for the absorber, condenser, evaporator and
generator, respectively. T jk is the flow temperature where j is the component initial and k indicates
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flow direction—i for inlet and o for outlet. COPre f —the performance coefficient of the refrigeration
cycle—is the ratio of the heat supplied in the generator to the rate of heat transfer to the system from
the surroundings (refrigeration capacity).
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Figure 2. Schematic of the single-stage aqua-ammonia vapour absorption refrigeration system.

Mass conservation—overall:
ṁ1 = ṁ6 + ṁ10 (1)

Mass conservation—ammonia:

ṁ1x1 = ṁ6x6 + ṁ10x10 (2)

Energy conservation:
ṁ1h1 = ṁ6h6 + ṁ10h10 (3)

Combining Equations (2) and (3):

x1 = x6 + (ṁ10/ṁ1)(x10 − x6)

Circulation ratio (f ):
f = ṁ1/ṁ10 (4)

x1 = x6 + (1/f)(x10 − x6)

Similarly,
h1 = h6 + (1/f)(h10 − h6)

Energy balance—absorber:

QA = ṁ10h10 + ṁ6h6 − ṁ1h1 (5)

From Equations (4) and (5),

QA = ṁ10[h10 + (f− 1)h6]− ṁ1h1 (6)
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Energy balance—heat exchanger:

Qhx = ṁ6(h4 − h6) = ṁ1(h3 − h2)− wp (7)

where ṁr = ṁ10 = ṁ7—refrigerant mass flow, x1 = x2 = x3 = Xss—strong solution (with respect to
the ammonia concentration in solution) and x4 = x5 = x6 = Xws—the weak solution.

Assume pump work wp ≈ 0 (negligible), the enthalpy at the generator inlet:

h3 = h2 + (1/f)(h4 − h5) (8)

Energy balance—generator:

QG + ṁ1h3 = ṁ10h7 + ṁ6h4

QG = ṁ10[h7 + (f− 1)h4]− ṁ1h1 (9)

Energy balance—condenser:
QC = ṁ10(h7 − h8) (10)

Energy balance—evaporator:
QE = ṁ10(h10 − h8) (11)

Coefficient of performance:

COPre f =
QE

QG + wp
=

QE
QG

(12)

3.1. Governing Equations

In order to fix the thermodynamic state for a compressible binary solution, the composition is
required in addition to the two independent properties—temperature and pressure. The bubble point
(Tb) and dew point (Td) temperatures are calculated from the correlations developed by Patek and
Klomfar [27]—Equation (13).

Tb(p, x) = T0 ∑
i

ai(1− x)mi [ln
p0

p
]ni (13)

Td(p, y) = T0 ∑
i

ai(1− y)
mi
4 [ln

p0

p
]ni (14)

x = f(T, p) (15)

y = f(T, p) (16)

where T is temperature (K), T0, Tb and Td are the reference, bubble and dew points temperatures,
respectively. The coefficients are shown in Tables 1 and 2. x and y are the ammonia mole fraction in
the liquid and vapour phases, respectively.

p0 = 2 MPa and T0 = 100 K. The reduced thermodynamic properties are as follows:

T0 = 100 K; pb = 10 bar; Tr =
T
T0

; pr =
p
pb

; R = 8.314 J/kmol.

The composition of the solution phase is estimated from Equation (15), developed from
Equation (13). To estimate the composition in the vapour phase, the vapour split, V/F, from
Equation (18) is calculated from the Rachford–Rice [19] flash Equation (17) numerically using Matlab
(fzero) function. The vapour composition is obtained from Equation (19).



Energies 2017, 10, 234 6 of 15

S

∑
i=1

(yi − xi) =
S

∑
i=1

(Ki − 1)zi
((Ki − 1)V + 1)

= 0, 0 6
V
F

6 1 (17)

xi =
zi

1 + V
F(Ki−1)

(18)

yi = Kixi (19)

K-value defines the ratio of each component:

Ki =
yi
xi

(20)

F in the above Equations represents the feed with composition zi. V (with composition yi) is the
vapour product and L (with composition xi) is the liquid product.

Table 1. Coefficients for Equation (13).

i mi ni ai

1 0 0 +0.322302 × 101

2 0 1 −0.384206
3 0 2 +0.460965 × 10−1

4 0 3 −0.378945 × 10−2

5 0 4 +0.135610 × 10−3

6 1 0 +0.487755
7 1 2 −0.120108
8 1 2 +0.106154 × 10−1

9 2 3 −0.533589 × 10−3

10 4 0 +0.785041 × 101

11 5 0 −0.115941 × 101

12 5 1 −0.523150 × 102

13 6 0 +0.489596 × 10−1

14 13 1 0.421059 × 10−1

Table 2. Coefficients for Equation (14).

i mi ni ai

1 0 0 +0.324004 × 101

2 0 1 −0.395920
3 0 2 −0.434624 × 10−1

4 0 3 −0.218943 × 10−2

5 1 0 −0.143526 × 101

6 1 1 +0.105256 × 101

7 1 2 −0.719281 × 10−1

8 2 0 +0.122362 × 102

9 2 1 −0.224368 × 101

10 3 0 −0.210780 × 102

11 3 1 0.110834 × 101

12 4 0 +0.145399 × 102

13 4 2 +0.644312
14 5 2 −0.221264 × 101

15 5 2 −0.756266
16 6 0 −0.135529 × 101

17 7 2 +0.183541

The Equations for the enthalpy and the Gibbs free energy equation [28–30] are as follows:

h = −RTbTr
2[

∂

∂Tr

(
Gr

Tr

)
] (21)
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G = h0 − TS0 +
∫ T

T0

CpdT +
∫ p

p0

vdp− T
∫ T

T0

(
Cp

T

)
dT (22)

The correlation for the heat capacity at constant pressure Cp and volume v are given below:

Cpl = b1 + b2T + b3T2 (23)

Cpg = d1 + d2T + d3T2 − T
∫ p

p0

(
δ2V
δT2

)
dP (24)

vl = a1 + a2 p + a3T2 + a4T2 (25)

vg =
RT
p

+ c1 +
c2

T3 +
c3

T11 +
c4 p2

T11 (26)

Equations (21)–(22) were solved with Mathcad using the correlations (23)–(26), to obtain (27)
and (28). Equations (29) and (30) are the liquid (hliquid) and vapour (hvapour) phase enthalpy.
The coefficients [28] are shown in Tables 3 and 4.

Table 3. Coefficients for Equations (27) and (28).

Coefficients Ammonia Water

a1 3.971423 × 10−2 2.748796 × 10−2

a2 −1.790557 × 10−5 −1.016665 × 10−5

a3 −1.308905 × 10−2 −4.452025 × 10−3

a4 3.752836× 10−3 8.389264 × 10−4

b1 1.634519 × 101 1.214557 × 101

b2 −6.508119 −1.898065
b3 1.448937 2.911966 × 10−2

c1 −1.049377 × 10−2 2.136131 × 10−2

c2 −8.288224 −3.169291 × 101

c3 −6.647257 × 102 −4.631611 × 104

c4 −3.045352 × 103 0.0
d1 3.673647 4.019170
d2 9.989629 × 10−2 −5.175550 × 10−2

d3 3.617622 × 10−2 1.951939 × 10−2

hl
0 4.87853 21.821141

hv
0 26.468879 60.965058

Tro 3.2252 3.0705
pro 2.0000 3.0000

Table 4. Coefficients for Equation (30).

Coefficients Coefficients

e1 −41.733398 e9 0.387983
e2 0.02414 e10 0.004772
e3 6.702285 e11 −4.648107
e4 −0.11475 e12 0.836376
e5 63.608968 e13 −3.553627
e6 −62.490768 e14 0.000904
e7 1.761064 e15 21.361723
e8 0.008626 e16 −20.736547

hliquid = −RTb

(
−hl

0 + b1 (Tr0 − Tr) +
b2
2
(
T2

r0 − T3
r0
)
+
(
a4T2

r − a1
)
(pr − pr0)− a2

2
(

p2
r − p2

r0
))

(27)
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hvapour =− RTb

[
− hv

0 + d1Tr0 +
d2

2

(
T2

r − T2
r0

)
+

d3

3

(
2T3

r − T3
r0

)
− d1Tr − d2T2

r0 −
d3

2

(
T2

r − T2
r0

)
− c1 (pr − pr0) + c2

(
−4pr

T3
r

+
4pr0

T3
r0

)
+ c3

(
−12pr

T11
r

+
12pr0

T11
r0

)
+

c4

3

(
−12pr

T3
r

+
12pr0

T3
r0

)] (28)

Equations (29) and (31):

hl = (1− x)hliquid,H2O + xhliquid,NH3 + hE (29)

hE is the energy of mixing as shown in Equation (30).

hE = e1 + e2 p + (e3 + e4 p) T +
e5

T
+

e6

T2 + (2x− 1)(
e7 + e8 p + (e9 + e10 p) T +

e11

T
+ 3

e12

T2 + (2x− 1)2
(

e13 + e14 p +
e15

T
+

e16

T2

)) (30)

Similarly, the vapour phase enthalpy is given as shown in (31) where y′ is the ammonia
vapour fraction.

hv = (1− y′)hvapour,H2O + y′hvapour,NH3 (31)

The computation procedure for the analysis was implemented in Matlab. The coefficient of
performance (COP), and the rate of energy due to the absorber, condenser, and generator are computed.
The refrigeration capacity (QE) is calculated (if it is not given as an input parameter) from the
refrigerant mass flow; and the refrigerant mass flow is calculated if the QE is given instead.

3.2. Boiler Heat Exchanger Description

Unlike the VCRC which relies on the power of the compressor—a high electrical energy consuming
device—the VARC combines the affinity of the binary solution, a comparatively low energy consuming
solution pump and thermal energy for the regeneration of the refrigerant and transport of fluid
around the refrigeration cycle. The regenerating unit of the VARC can be operated by low grade heat
from a variety of thermal sources including solar collectors, waste process heat from an exhaust and
hot water or steam generating processes. Biomass solid fuels can be used to provide the required
energy via the production of hot water [17]. The quantity of biomass required to operate a VARC
for a given load is estimated based on the calorific value of the species. The heat generated in the
boiler, from combusting biomass fuel, is used to heat water flowing through its circuitry and provides
energy that is transferred through a heat exchanger to the generator circuit. A counter flow heat
exchanger configuration (Figure 3) is used to enhance heat transfer of the hot water from the boiler to
the regenerating unit.

The amount of heat required to raise the temperature of a substance is given as:

q = mCp
dT
t

(32)

For a continuous flow rate of change,

q = ṁCp
dT
t

(33)

For a set temperature of hot water coming from the boiler and assuming that for the heat exchanger:

• Steady operating conditions apply;
• The heat exchanger is well insulated so that the heat loss to the surroundings is negligible;
• The kinetic and potential energy changes of the fluid are very small and negligible;
• No fouling conditions apply;
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• The properties of the fluid remain the same throughout the process.

the rate of heat required for the generator, for a set inlet and exit temperature, is estimated, and hence,
the biomass quantity required for the load and operating duration:

Q̇hx = ṁCp (Thi − Tho) (34)

and
Q̇G = ṁCp (Tco − Tci) (35)

For a heat exchanger effectiveness of E,

Q̇hx = ṁCpE (Thi − Tho) (36)

the rate of heat for Equations (34)–(36) is assumed to be same.
For boiler efficiency of ηB and full load heating hours’ equivalent (FLHE), the energy required ER

and the biomass fuel quantity required BQ, is estimated thus:

ER =
Qhx ∗ FLHE

ηB
(37)

where Qhx is the rate of heat transfer from the heat exchanger.

BQ = Qhx ∗ Fd ∗ ER (38)

Fd is the fuel density of the biomass species.
The quality of combustion in the boiler depends on several factors including design, air velocity,

air temperature, etc. The influence of the design factor which can be evaluated by Computational
Fluid Dynamics (CFD) analysis [31], is not directly considered but assumed to be built into the boiler
efficiency and the effectiveness of the heat exchanger.

HEAT EXCHANGER 
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Thi 

Tci

Tho 

Legend 

Thi – Temperature of hot 
water in 

Tho – Temperature of hot 
water out 

Tci – Temperature of cold 
water in 

Tco – Temperature of cold 
water out 

Figure 3. Heat exchanger.
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4. Result and Discussion

For a given operating condition, the quantity of biomass in tonnes/kW required would vary in
accordance with the energy density of the species. To perform an estimation calculation, the rate of heat
transfer to the generator is first calculated. This is done by the computer simulation as described above.

4.1. Biomass Quantity Required

The rate of energy transfer due to the heat exchanger (Figure 3), the generator and the heat-loss is
calculated as follows [13]:

QG = ṁcCpc (Tci − Tco) (39)

Qhx = ṁhCph (Tho − Thi) (40)

q̇loss = UAhx ∗ (Thx − Tamb) + UAG ∗ (TG − Tamb) (41)

where Thx = Thi − Tci.
Qhx = QG + q̇loss (42)

BQ = QG + q̇loss ∗
(

FLHE
Fd ∗ ηB

)
(43)

Equation (41) is the total rate of energy loss for the system apart from the boiler, and Equation (42)
relates the energy transfer rate due to the heat exchanger to that of the generator. The biomass quantity
required is given by Equation (43), where QG is the rate of energy transfer at the generator of the
absorption refrigeration system. The equation shows that the quantity of biomass required for a given
load over a time period would depend on the density of the biomass species and the boiler efficiency.
Four biomass solid fuel types were compared. The energy densities are given in Table 5. It is observed
that the higher the energy content of the fuel (kWh/tonne), the less the quantity required. Figure 4.
shows that the higher the temperature of the generator, the higher the quantity of fuel required,
provided all other operating conditions are held constant. The mass of fuel required increased as the
flow rate of hot water from the boiler is increased (Figure 5). Woodchips with the least dense energy
content of the fuels under consideration, require nearly twice the mass of wood, with the highest
energy content, for the same operation.

0

0.5

1

1.5

2

2.5

3

60 70 80 90 100 110 120 130

Bi
om

as
s r

eq
ui

re
d 

(t
on

ne
s/

ye
ar

)

Generator Temperature (oC)

Woodchip

Log Wood

Mischantus
Wood Pellets
Wood

Figure 4. Comparison of fuel consumed with varied generator temperature.
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Table 5. Average densities of biomass solid fuels [32]. MC: moisture content.

Fuel Type Average Energy Density (kJ/tonne)

Wood chip (30% MC) 3000
Wood pellets 5000

Log wood (stacked-air dried; 20% MC) 4200
Wood 5400

Mischantus 4700
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Figure 5. Effect of mass flow rate of hot water on fuel consumption.

4.2. Absorption Refrigeration

In calculating the COP, it is assumed that no pressure drops except through the expansion valves
and the flow pumps. Pumping is isentropic; at state points 1, 4, and 8, the liquid is saturated; the
composition of the solution at state points 1, 2, and 3 (strong solution), and 4, 5, and 6 (weak solution)
remain unchanged throughout the process. The condenser pressure (high pressure) is the same as that
at state points 3, 4 and 7, while the evaporator pressure (low pressure) holds for points 1, 6 and 10.
The pump work is neglected, the refrigerant heat exchanger is not considered, and the generator is
considered a single unit. simulated results from the absorption refrigeration cycle model developed
were compared with published dated from the referenced authors [33–35]. The comparison was
selected to reflect conditions of both light (TE = 2.5 ◦C, TA = 20 ◦C, TC = 20 ◦C, TG = 60 → 90 ◦C)

and heavy cooling (TG = 100 ◦C, TC = 40 ◦C, TA = 30 ◦C, TE = −5 ◦C, ṁr = 1 kg/s, E = 0.80,
pe = 354.42 kPa, pc = 1166.92 kPa) requirements. The results, show close similarity with a variation
of ±0.02. Table 6 shows the comparison of the variation of the solution composition and refrigerant
circulation ratio with generator temperature. The variation of the energy rate of change in the various
heat-exchanger units and COP with the generator temperature is presented in Tables 7 and 8. The slight
divergence in the result is to be expected partly due to the assumptions made. The temperature and
pressure of the solution at the heat exchanger are computed by the model. Also, the composition of
the refrigerant vapour at the exit of the generator is computed and not assumed; these parameters
are normally estimated. In the calculation of the COP, the solution pump work was considered in the
references. However, it is neglected in this work (Figure 6).
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Table 6. Comparison of the flows of solution and refrigerant ratio at varied generator temperature
(TE = 2.5 ◦C, TC = 20 ◦C, and TA = 20 ◦C).

Literature Generator Temp (◦C) Weak Sol (%) Strong Sol (%) Circulation Ratio ( f )

Sun [34] 60 47.1 62.4 3.41
Present work 60 47.1 62.5 3.40

Sun [34] 70 41.4 62.6 2.70
Present work 70 41.4 62.6 2.76

Sun [34] 80 36.2 62.5 2.4
Present work 80 36.4 62.5 2.4

Sun [34] 90 31.4 62.5 2.2
Present work 90 31.5 62.5 2.2

Table 7. Comparison of the energy flows and coefficient of performance (COP) at varied generator
temperature (TE = 2.5 ◦C, TC = 20 ◦C, and TA = 20 ◦C).

Literature Generator Temp (◦C) QG (kW) QC (kW) QA (kW) QE (kW) COP

Sun [34] 60 25.73 21.8 24.43 20.52 0.80
Present work 60 25.84 21.6 26.5 21.75 0.84

Sun [34] 70 26.14 21.94 24.73 20.52 0.78
Present work 70 26.19 21.47 23.80 20.76 0.79

Sun [34] 80 26.55 21.99 25.10 20.52 0.77
Present work 80 26.65 20.13 25.70 20.65 0.77

Sun [34] 90 26.92 21.97 25.48 20.52 0.76
Present work 90 27.19 20.31 24.40 20.81 0.76

Table 8. Comparison of the energy flows and COP (TE = −5 ◦C, TC = 40 ◦C, TA = 30 ◦C and
TG = 100 ◦C) [33,35].

Literature Qg (kW) QE (kW) QA (kW) QC (kW) COP

Sun [35] 30.131 18.597 30.327 18.461 0.617

Present work 29.781 20.936 29.838 20.079 0.703

0.75

0.79

0.83

60 65 70 75 80 85 90 95
Generator Temperature (oC)

CO
P

CO
P

COP (Present)

COP [34]

Figure 6. Comparison of the present work with published data in [34].
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5. Conclusions

A routine for the analysis of a single stage aqua-ammonia refrigeration system has been developed.
It estimates the concentration of the strong and the weak solutions as well as calculating the
concentration of ammonia in the refrigerant vapour. The calculated COP, properties and rate of
energy transfer in all components are reasonably approximated. Simulation results were produced
for a practical range of heat inputs. Results were compared with published data and found good
agreement. The use of biomass thermal energy which is renewable is proved to provide a CO2 free
refrigeration option. However, the economic viability and carbon footprint will depend on availability,
proximity to source, system size, full load operating hours and storage capacity required. Prediction of
the biomass quantity required could be useful in the economic evaluation of the feasibility of operating
an absorption refrigeration system with biomass, particularly for areas with access to biomass.

Acknowledgments: This paper presents a summary of some the results from the project “ARBOR” sponsored by
the European Union, INTERREG IVB, NWE to promote the conversion of Biomass for Energy.

Author Contributions: Munyeowaji Mbikan carried out the numerical computation. Tarik Al-Shemmeri is the
principal supervisor of the research.

Conflicts of Interest: The authors declare no conflict of interest in the publication of this paper.

Nomenclature

AG Area of generator heat transfer surface (m2)
Ahx Area of heat transfer surface of heat exchanger (m2)
BQ Biomass Quantity (Tonnes)
Cp Specific heat capacity (kJ/kgK)
ER Energy Required (kW/h)
f Circulation ratio
Fd Fuel density (kJ/m3)
FLHE Full load heating hours equivalent (h)
hliquid Enthalpy of liquid component (kJ/kg)
hvapour Enthalpy of vapour component (kJ/kg)
hl Liquid phase enthalpy (kJ/kg)
hv Vapour phase enthalpy (kJ/kg)
MC Moisture content (%)
ṁr Refrigerant mass flow (kg/s)
pc Condenser pressure (MPa)
pe Evaporator pressure (MPa)
QA Absorber heat transfer (kW)
QC Condenser heat transfer (kW)
QE Evaporator heat transfer (kW)
QG Generator heat transfer (kW)
Qhx Heat exchanger heat transfer (kW)
q̇loss Rate of heat loss (kW)
Tamb Ambient temperature (◦C)
Tci Temperature of cold water at inlet (◦C)
Tco Temperature of cold water at outlet (◦C)
Thi Temperature of hot water at inlet (◦C)
Tho Temperature of hot water at outlet (◦C)
U Overall heat transfer coefficient
ηB Boiler Efficiency (%)
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