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Abstract

The quest to decarbonize the energy space to avert the negative climate change
consequences calls for using low/zero-carbon energy conversion technologies in the energy
generation space. The Organic Rankine Cycle is a low/zero-carbon energy conversion
technology for recovering waste heat from low to medium-temperature heat sources and for
biomass conversion. Therefore, this paper presents the thermodynamic optimization, with an
artificial bee colony algorithm, of different ORC configurations, including simple organic
Rankine cycle, Regenerative Organic Rankine Cycle, Cascade Organic Rankine Cycle, Organic
Rankine Cycle with Superheat, Organic Rankine Cycle with Superheat and Reheat,
Regenerative-Superheat Organic Rankine Cycle, Regenerative-Reheat Organic Rankine Cycle
and Two Complementary ORC using twelve (12) different working fluids. The thermodynamic
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optimization was followed by structural optimization using a multi-criteria decision approach.
The modified-TOPSIS multi-criteria decision-making analysis was used to perform the
structural optimization. The overall optimization study shows that the Regenerative-Reheat
Organic Rankine Cycle, operating with an isopentane of 0 GWP and ODP, was selected as the
best ORC configuration. The Regenerative-Reheat Organic Rankine Cycle has the following
performance; thermal efficiency of 49.5%, maximum power output of 0.4 MW, condenser
pressure of 90 kPa, and turbine pressure of 3.37 MPa. The results presented in this work will
support clean energy developers in the clean energy access sector, especially in the agrarian
community with huge agro-waste generation potentials.
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1. Introduction

In response to the Paris Agreement, reached in 2015, many nations have begun to chart
development pathways away from climate-forcing activities; where the oil and gas sector dominates
in the energy space [1]. The quest to decarbonize the energy space to avert the negative climate
change consequences calls for using low/zero-carbon energy conversion technologies in the energy
generation space [2]. Renewable energy systems are typically termed zero-carbon (clean) energy
conversion technologies, namely solar, wind, biomass and others.

Sub-Saharan Africa (SSA), Nigeria, for example, has the potential to substantially solve its energy
needs through renewable energy sources [3]. Nigeria alone produces 1.5 million tons/year of rice
husks, 1.6 million tons/year of maize cobs and 1.2 million tons/year of groundnut husks which form
mountains of waste that expose communities to pests and fire hazards. At the same time, the same
communities are among the most energy-poor communities in the world, having no access to good
quality cooking fuel [4]. A potential way to curb the environmental hazard associated with agro-
waste and the insufficient supply of electricity is the utilization of agro-wastes for power generation.
The use of biomass for power generation is considered a green energy source since its use does not
result in a net increase in the atmospheric content of CO; through proper forest management [5].
Also, investment in the production and utilization of biomass (the agro waste in this case) is an
investment in food production [6]. The organic Rankine cycle is a widely used energy conversion
technology for biomass to electricity [7].

The organic Rankine cycle (ORC) is a low to medium-grade thermal conversion technology that
uses a much lower boiling point organic fluid than water, instead of the conventional Rankine cycle
[8]. The ORC plant is well suited for biomass-to-power plants [9, 10], the chemical energy in the
biomass is converted to internal energy, which is then converted to electricity via a series of energy
conversion processes [7, 11]. The ORC is a well-established technology for decentralized power
generation up to 10 MW [12], which renders the conventional steam Rankine cycle technically and
economically unattractive. Three basic methods of converting the rice husk into useful energy are
gasification, bio-digestion and direct combustion. The technology for gasification is not well proven,
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with few available commercial projects with high investment costs [13], coupled with low cold
energy efficiency [14]; the direct combustion of rice husk is a well-established technology [11].

Several Organic Rankine Cycle power plants are already in use [15]. Ref. [16] presented a study
on a dual-loop Organic Rankine Cycle (ORC) to utilize waste heat from an internal combustion diesel
engine using R245fa and R134a as working fluids. However, the optimization of the sizes and
topologies of these plants is the thrust of this project. An optimum size is necessary for a given
power generation capacity to minimize material and labour cost. The procedure for obtaining the
plant size involves identifying the optimum sizes of the components of the ORC for the expected
power output from the plant, identifying the optimum layout of the system components and
selecting preferred parameters.

Ebrahimi [17] stated that the working fluid selected for an ORC profoundly impacts its
performance characteristics. Several organic compounds have been experimented with and their
efficiency determined as working fluids for ORC, including R245fa [17], Toluene, Xylene, n-pentane,
n-butane, R-11, and R-22 [18]. These working fluids are classified as wet, dry or isentropic based on
their thermodynamic diagrams at saturation regions. The slope of wet fluids is positive, dry fluids
are negative, while isentropic fluids have a vertical curve. Ebrahimi [17] noted that wet working
fluids could cause damage to turbine blades due to fluid condensation. The dry working fluids do
not experience fluid condensation during the expansion that can damage the blades of the turbine
and do not require superheat and are, therefore more commonly used in ORC systems. According
to McMahan [18], a number of the physical properties of the working fluid are more important than
the thermodynamic properties, such as thermal stability, toxicity, flammability and cost. However,
the thermodynamic properties of interest of ORC working fluids include the vapor-specific volume
which determines the size of the condensing equipment, and the saturation temperature, which
determines the turbine design because of the need for superheat and the turbine inlet pressure.

Saffari et al. [19] applied the Artificial Bee Colony (ABC) algorithm to optimize a geothermal
system operating on the Kalina power cycle. This algorithm, they noted, has been applied in two-
and three-objective function multi-modal problems. Dervis Karaboga invented the ABC algorithm;
it performs better in local and global optimums due to the reduced number of control parameters
allowed.

The methods for multi-criteria decision-making include the Weighted Sum Method (WSM),
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) and Preference Ranking
Organization Method for Enrichment Evaluation (PROMETHEE), Analytical Hierarchy Process (AHP),
Elimination et Choice Translating Reality (ELECTREE), Preference Ranking Organization Method for
Enrichment Evaluation (PROMETHEE), Grey Incidence Method (GIM) [20, 21].

A multi-criteria decision-making model based on the fuzzy set was presented by Wang et al. [21].
They highlighted the place of human subjectiveness in assigning values to imprecise criteria,
resulting in the use of fuzzy theory. Selected criteria of interest were grouped into technical,
economic, social and environmental attributes, each having sub-groups. At the same time, four
alternatives of Stirling engine, gas turbine, gas engine and solid oxide fuel cell were considered.
Therefore, the present work combined the artificial bee colony and modified TOPSIS decision-
making algorithms to perform the thermodynamic and structural optimization of eight organic
Rankine cycles operating under different working fluids to support energy developers in the clean
energy access sector.
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2. Materials and Method
2.1 Description of System

The configurations of ORC for which the optimum parameters are desired are presented in the
following subsections.

2.1.1 Simple Organic Rankine Cycle (SORC)

The configuration of SORC, shown in Figure 1, is the basic form of the ORC. It consists of a pump,
condenser, turbine and evaporator. Cyclohexane, Benzene and Toluene can be used as working
fluids in this cycle [22].

Turbine
p——
2 h
Evaporator
Pump P
Condenser
4

: _ i II” T

Condenser
Figure 1 Structure of SORC.
2.1.2 Organic Rankine Cycle with Superheat (ORCS)

This configuration of ORC has a superheater installed between the evaporator and the turbine
to allow pure gas into the turbine and prevent corrosion of the turbine blades. The block diagram
of the plant is shown in Figure 2.

Evaporator

-

Pump
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Condenser

Figure 2 Structure of ORCS.
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2.1.3 Organic Rankine Cycle with Superheat and Reheat (ORCSR)

The structure of ORCSR has a superheater and more than one turbine in the expansion process
to utilize high and low-superheated working fluid and prevent corrosion of the turbine blades. The
block diagram of the plant is shown in Figure 3.

Pump
Condenser

Figure 3 Structure of ORCR.
2.1.4 Regenerative Organic Rankine Cycle (RORC)

The RORC structure has an additional component, a regenerator between the turbine outlet and
the evaporator inlet, to the SORC. Its structure is shown in Figure 4. The essence of the regenerator

is to recover a part of the internal energy exiting the turbine and reduce the heat load of the
condenser.

2 3
—

Evaporator

| Regenerator

JII II Turbine
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| U00
Condenser
Pump

Figure 4 Structure of RORC.
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2.1.5 Cascade Organic Rankine Cycle (CORC)

The cascade ORC structure comprises at least two stages, where the first stage evaporator acts
as the condenser of the immediate next stage. Consequently, various configurations of the CORC
exist; the simplest form of this configuration is shown in Figure 5.

Evaporator 5

Turbine
l ]
" |
a | Condenser
: R
ﬂ=. & -
| 1 7
T Turbine
¥ el
4
- W LN 2
S
Pump Condenser

Figure 5 Structure of the CORC.
2.1.6 Regenerative-Superheat Organic Rankine Cycle (RSORC)

This configuration includes a superheater between the evaporator and the turbine of the RORC.
The layout is shown in Figure 6.
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Figure 6 Structure of RSORC.

2.1.7 Regenerative-Reheat Organic Rankine Cycle (RRORC)

This configuration has two turbines and a reheater connected to the RSORC, as shown in Figure

7.
3 Turbine
Evaporator 31 i | ]
Su perh eater Turbine |
_ I
Regenerator 4

Condenser

Figure 7 Structure of RRORC.
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2.1.8 Two Complementary ORC (20RC)

This cycle comprises SORC and RORC cycles, as illustrated in Figure 8.

Turbine
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Condenser
Figure 8 Configuration of 20RC.

2.2 Thermodynamic Analysis

The thermodynamic procedures presented by Apostol et al. [16], Caceres et al. [23] and
Diemuodeke [4] were adopted to formulate the equations for the analysis:

SORC
The heat added, Q; sorc = ms(h; — hy) (D
The heat rejected, Q, sorc = Mg (hy — hq) (2)
The turbine work output, Wr sorc = my(hz — hy) 3)
The pump work, Wp sorc = mg(h, — hy) 4)
Wr —W, hy —hy) — (h, — h
Thermal efficiency, n¢p sorc = TQi P = (hs (fi — f(lz§ V) (5)
ORCS
The heat added, Q; orcs = mg(hy — hy) (6)
The heat rejected, Q, orcs = myp(hy — hy) @)
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The turbine work output, Wr grcs = ms(hzr — hy)
The pump work, Wp grcs = mg(h, — hy)

WT - WP — (h3, - h4) - (hzl - h'l)
Q; B (hsr — hy)

Thermal efficiency, ny, =

ORCSR
The heat added, Q; prcsr = my(hsr — hy) + me(hy — hy)
The heat rejected, Q, oresg = Mg (hy — hy)
The turbine work output, Wr oresg = myg(hgr — hy) + me(hy — hyr)
The pump work, Wp orcsg = myg(hy — hy)

Wr —Wp _ (hgr — hy) + (hyr — hy) — (hy — hy)

Thermal efficiency, = =
Yl =g, (hyr — h) + (hyr — )

RORC
The heat added, Q; rorc = mf(hy — h3)
The heat rejected, Q, rorc = My (hs — he)
The turbine work output, Wr gorc = ms(h; — hy)

The pump work, Wp rorc = mg(hy — he)

Wr —Wp _ (hs — hy) — (hy — he)

Thermal efficiency, =
V> en Qi (hz - hg)

CORC
The heat added, Q;corc = (M1 (hy — hy) = € (mp2(hs — hy)) + mpz(hs — he)
The heat rejected, Q corc = M1 (hy — h3)
The turbine work output, Wr corc = mg1(hy — hy) + msp(hs — he)

The pump WOI‘k, WP,CORC = mfl(h4 - h3) + mfz (hs - h7)

WT - Wp
Q;

Thermal efficiency, n;, =

RSORC

The heat added, Qi,RSORC = mf(hz - h3)

(8)
)

(10)

(11)
(12)
(13)

(14)

(15)

(16)
(17)

(18)

(19)

(20)

(21
(22)
(23)

(24)

(25)

(26)
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The heat rejected, Q, rsorc = My (hs — he) (27)
The turbine work output, Wr gsorc = my(hz — h4) (28)
The pump work, Wp rsorc = mg(hy — he) (29)

Wr —Wp _ (hz — hy) — (hy — he)

Thermal efficiency, n;, = 0 - hy = o) (30)

RRORC
The heat added, Q; rrorc = ms(h3 — hy) + me(h; — hyr) (31)
The heat rejected, Qy rrorc = My (hs — h) (32)
The turbine work output, Wr grorc = my(hs — hyr) + me(h; — hy) (33)
The pump work, Wp grorc = ms(hy — h) (34)

Wr —W, hs —hy)+ (hy —hy) —(hy — h
Thermal efficiency, n;, = TQi L= (hs (;13)_ }EZ)I n U:)— }Eﬂ; ) (35)
20RC

The heat added, Q; 20rc = M1 (hy — hig) + mpy(hyr — hyr) (36)
The heat rejected, Q 20rc = My1(hy — hs) + mpy(hyr — hyr) (37)

The turbine work output, Wy zorc = (mg1(hy — h3) — mpp(hy — hyr)) + mep(hyr — hyr) (38)
The pump Work, WP,ZORC = mfl(hl - hs) (39)

(mf1(h2 —h3) — Mgy (hy —hy)) + Mmyr (hyr — hgr) — Mmsq (hy — hs)

Thermal efficiency, = 40
Y Ten Mgy (hy — hyg) + mpp(hyr — hyr) (40)
2.3 Artificial Bee Colony (ABC) Optimization Algorithm
The ABC algorithm consists of four main phases [24]:
i. Initialization Phase
Here, the initial food sources are produced randomly using the expression.
Xm = li + rand(0,1) * (u; — 1;) (41)

where u; and [; are the upper and lower bound of the solution space of the objective function, and
rand (0, 1) is a random number in the range [0, 1].
ii. Employed Bee Phase
The neighbor food source v,,; is determined by the following equation.

Umi = Xmi + Omi * (i — Xki) (42)
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where i is a randomly selected parameter index, xj is a randomly selected food source, ¢,,; is a
random number in the range [-1, 1].
The fitness is calculated by applying the following formulae.

fitm () = for f,,(x;,) > 0 and (43)

1+ fin ()
fitm(xm) = 1+ |fn ()| for fin (xm) <0 (44)

where, f,(x,,) is the objective function value of x,,. After that a greedy selection is applied
between x,,, and v,,.
iii. Onlooker Bee Phase

The quantity of a food source is evaluated by its profitability and the profitability of all food
sources. Pn, is determined by the formula.

fitm(xm)

P, = -
YN Fitm ()

(45)

where, fit,,(x;,) is the fitness of x,,. Onlooker bees search the neighborhoods of food sources
according to the expression.

Ui = Xmi + Omi * (Xmi — Xki) (46)

iv. Scout Phase
The scout bees randomly search the new solutions. The scout will discover the new solution xm
using the expression.

Xm = li + rand(0,1) * (u; — 1;) (47)

where, rand (0, 1) is a random number within the range [0, 1], u;and [; are the upper and lower
bounds of the solution space of the objective function.
Figure 9 shows the flowchart of the ABC algorithm.
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Generate new efficiencies

Read system
data and

B

-

AJ

Compute objective function
Compute fitness value

!

Compute probability value

I

Compute ohject function and select
better solution based on probability

Abandon the low-fitness
value efficiencies

y

Do efficiencies
improve by
considering
limit

v

Memaorize best efficiencies

Cycle = cycle +1

Memaorize best efficiencies

Figure 9 Algorithm for Artificial Bee Colony (ABC).

2.4 Technique for Order Preference by Similarity to Ideal Solution (TOPSIS)

The TOPSIS scheme [25], which allows for the use of intervals to carter for input data range, is

described in this section. For an input data of value A in the interval [a, a¥], we have

A=[a"a"] ={ala' < a < a¥}

The steps in applying the TOPSIS scheme involve the following:

Step 1: Normalization of Input Data

(48)
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The normalization uses the vector normalization formula.

L

Cl
u (49)
(2 (G + (@8)?)
il (50)

Jz ((al)” +(@8)")

where nU[ -] is the normalized lower bound and n [ ] is the normalized upper bound of input
a;j for an alternative, i and a criteria j; m is the totaI number of alternatives.
Step 2: Determination of Ideal Solution
An ideal solution is determined for each of the identified alternatives using the following
procedure:
i. All alternatives are set in the best situation and the upper bound of the positive ideal is
determined using the equation.

At =i vf, v = {(max vl |i € B), (minvj|i € C)} (51)

ii. Determination of the lower bound of the positive solution of an alternative, k, using the

equation.
= {viL v, . v
{(max (r‘{lie}cx(v”) v”) |l € B) (min (mm(v”) v; )|l € C} (52)

iii. Determination of upper bound of negative solution.

At ={vih v v

{(1’1’111‘1 (I}lllgl(vu) vk]) |l € B) (max (max(vl}) vk]) |i € C} (53)
iv. Determination of lower bound of negative solution.
Ak —{171 ;Uz y e l}
= {(miln(vij) |i € B), (miax(vl?‘j) li € C} (54)

Step 3: Determination of Euclidean distances
The distances between each alternative and the k" ideal alternative are determined as follows:
i. The distance between the worst k" alternative and A",

D )+ (v (55)
JEB jec

ii. The distance between the best k' alternative and A"
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at'= Y -y ey (v (56
JEB jec

ii. The distance between the best k™" alternative and A;".

dit= > (r-w) Y (v’ (57)
JEB jec

iv. The distance between the worst k' alternative and A;*.

dil = z (vj_l — v,l(j)z + Z (vj_l — v}(‘j)z (58)
JEB jec

Step 4: Ranking of alternatives.
Each alternative is assigned a ranked interval, Rk, while the interval function, A, determines the
acceptable alternative. They are respectively given by:

R, € dic dic” = [e!, e¥] 59
A+ it + df T €€ (59)
m(D) — m(E)
A(E<D)=——— 60
(E<D) =Dy wE) (60)
el+et el—e¥

andw(D) =

where m(D) =

2 2

Determination of the weights used for TOPSIS is obtained using Analytic Hierarchical Process
(AHP) outlined below:
Step 1:
i. Identification of the criteria, m, and formation of matrix (n X n); i =1,2,...,m
ii. Assignthe numbers; i,j =1, 2,...,9 in the order of importance of criteria (m) to the project,
where the elements in the matrix are characterized in i-th column and j-th row.
iii. Produce the corresponding transpose j = 1,2,...,9and insertini = 1,2..,9
iv.  Generate the rest date in the matrix C, where; C = C;;; is the element of the decision matrix
residing in the i-th column and j-th row.
Step 2:
i. Obtain the normalize matrix R.

xij
R=3(r;) = =—— (61)
() =5
where, 1;; = elements of normalized matrix.

ii. Produce the weighted average for each criteria by taking the average in j-th row.

Yiz1 Tij

w; =
J m

(62)
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Step 3: Check for correctness of the produced weighted average.
i. Obtainp = Y%, 713 X w; (63)
ii. Obtaing =Y p (64)

iii.Permissive Error (E) = CI/RI < 0.1; where CI = (p — n)/(n — 1)and RI is obtained from a table
based on 'm’ value.

3. Results and Discussion
3.1 Input Data

The input data to the ABC algorithm include the maximum cycle number (MCN) and other
parameters, as shown in Table 1, and the thermodynamic properties of the twelve selected
refrigerants, shown in Table 2. In each cycle of the optimization stage, the operating pressures of
the condenser and evaporator were varied, and the resultant thermal efficiency was computed.
After the optimization, a multi-criteria analysis using the modified TOPSIS scheme was performed.
The selected criteria include the environmental and climatic impact of the working fluid with the
highest thermal efficiency, the power output, the required heat input to the plant and the power
consumed by the pump from the optimization of each configuration.

Table 1 ABC Parameter Values.

Parameter Value
MCN 1000
Colony Size 6
dimension 4
limit 12

Table 2 Data of working fluids [26].

. Molar Mass Per - - .
S/N  Fluid Ter (°C) GWP ODP Toxicity Flammability corrosiveness
(kg/kmol) (mPa)
1 IsoButane 58.122 1519 3.79 3 0 no yes no
2 R152a 58.122 1346 362 3 0 no yes no
3 IsoPentane 17.04 1322 1133 O 0 yes no yes
4 R134a 137.37 1979 4.4 4000 1 no no no
5 R11 116.95 2043 4.21 600 0.11  vyes no no
6 R114 66.051 113.2 4,51 140 0 no yes no
7 R113 100.5 137.1 4.05 1800 0.065 yes yes no
8 Ethanol 102.03 101.0 4.05 1300 O no no no
9 R142b 46.068 240.7 6.14 n.a n.a no yes no
10 R141b 187.38 2140 339 6130 1 no no no
11  Ammonia 72.149 187.2 3.37 5 0 yes yes no
12  nButane 170.92 1456 3.25 10.04 1 no no no
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3.2 Results of Thermodynamic Optimization

The thermodynamic-based results were obtained for the various structure of the organic Rankine
cycles using the working fluid parameters presented in Table 2 and Table 3 at a mass flowrate of 0.8
kg/s and 40% regenerative heat exchanger effectiveness. Therefore, the results of the
thermodynamic optimization based on the ABC algorithm for all the configurations using all twelve
working fluids are in Table 4.

Table 3 Condenser and Boiler Pressure Ranges.

Condenser Pressure (Pa) Boiler Pressure (Pa)

S/N Fluid - ,
min max min max

1 IsoButane 20000 275281.67 275281.67 3.79E+06
2 R152a 20000  269035.31 269035.31 3.62E+06
3 Isopentane 20000 476004.20 476004.2 1.13E+07
4 R134a 20000 296614.23 296614.23 4.40E+06
5 R11 20000  290137.90 290137.9 4.21E+06
6 R114 90000 637032.18 637032.18 4.51E+06
7 R113 20000  284569.85 284569.85 4.05E+06
8 Ethanol 20000  284569.85 284569.85 4.05E+06
9 R142b 20000  350399.77 350399.77 6.14E+06
10 R141b 20000 260345.92 260345.92 3.39E+06
11  Ammonia 20000  259576.58 259576.58 3.37E+06
12  n-Butane 20000  254911.75 254911.75 3.25E+06
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Table 4 Optimized thermodynamic parameters.

Working Pump Turbine Condenser Turbine Pump Turbine Heat Heat
Structure fluid Isentropic Pressure, Pressure, Isentropic Work, Wp Work, Wt Added, Rejected,
Eff. nps[-] [mPa] [kPa] Eff [-] [kwW] [kW] Qin [kW] Qout [kW]
IsoButane 0.60 3.31 90.00 0.90 4.32 96.22 403.30 314.28
R152a 0.60 3.62 90.00 0.90 2.78 71.54 298.39 231.48
Isopentane 0.60 3.08 90.00 0.90 3.89 97.09 434.79 344.18
R134a 0.60 3.64 90.00 0.90 2.05 46.03 202.39 159.77
R11 0.60 3.89 90.00 0.90 2.04 45.51 184.64 142.53
2 R114 0.60 3.09 90.00 0.90 1.57 34.16 154.95 123.42
2 R113 0.60 3.00 95.62 0.90 1.54 37.84 174.89 139.61
Ethanol 0.60 3.93 96.75 0.90 4.16 154.05 755.06 607.94
R142b 0.60 3.59 90.00 0.90 2.34 53.19 223.43 174.14
R141b 0.60 3.39 90.00 0.90 2.15 57.52 244.22 190.29
Ammonia 0.60 3.37 96.49 0.90 3.83 272.46 1144.76 878.69
n-Butane 0.60 3.25 90.00 0.90 4.18 102.87 436.26 340.36
IsoButane 0.6 3.53193 90 0.9 4.61 166.50 592.45 433.64
R152a 0.6 3.592458 90 0.8924414  2.76 109.95 410.61 305.25
Isopentane 0.6 3.37 90 0.9 4.26 168.70 633.95 472.36
R134a 0.6 4 90 0.9 2.26 79.44 294.93 219.26
3 R11 0.6 4.21 90 0.9 2.22 69.07 246.96 181.58
ﬂOC R114 0.6 3.21 90 0.9 1.63 58.47 224.08 168.33
R113 0.6 33 93.06 0.9 1.69 61.53 241.85 183.14
Ethanol 0.6 4.05 90 0.9 4.28 215.18 952.37 744.33
R142b 0.6 4 90 0.9 2.61 87.92 316.20 232.62
R141b 0.6 3.39 96.659 0.9 2.15 83.56 320.69 240.72
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Ammonia 0.6 3.35 90 0.9 3.81 340.09 1342.49 1008.75
n-Butane 0.6 3.193806 90 0.9 411 166.85 616.93 456.92
IsoButane 0.6 3.6 90 0.9 4.70 360.52 853.65 500.96
R152a 0.6 3.62 137.994 0.9 2.80 183.86 532.43 353.23
Isopentane 0.6 3.37 90 0.9 4.26 400.38 928.33 535.05
R134a 0.6 4 103.141 0.9 2.27 150.41 401.48 254.85
R11 0.6 4.21 90 0.9 2.22 125.79 337.71 215.62
g R114 0.6 3.21 90 0.9 1.63 129.51 318.79 192.00
% R113 0.6 2905991 90 0.9 1.49 133.69 337.32 206.11
Ethanol 0.6 4.05 90 0.9 4.28 351.46 1202.58 858.27
R142b 0.6 3.852419 90 0.9 2.51 169.01 436.86 272.03
R141b 0.6 3.39 113.779 0.9 2.16 162.91 435.17 275.86
Ammonia 0.6 3.37 93.827 0.9 3.83 399.46 1578.16 1185.09
n-Butane 0.6 3.25 102.483 0.9 4.19 355.46 870.65 522.17
IsoButane 0.6 2.624545 90 0.8900267  3.40 93.62 396.04 321.97
R152a 0.6 3.62 90 0.9 2.78 71.64 298.72 231.71
Isopentane 0.6 3.077625 98.526 0.9 3.89 94.72 397.10 342.61
R134a 0.6 3.498377 90 0.9 1.97 46.47 204.83 161.64
R11 0.6 4.013514 90 0.9 2.11 45.30 183.30 141.52
2 R114 0.6 2927619 90 0.9 1.49 34.49 149.28 124.92
2 R113 0.6 3.006701 90 0.9 1.54 38.59 164.39 140.37
Ethanol 0.6 4.05 90 0.9 4.28 157.49 758.40 608.05
R142b 0.6 3.709237 90 0.9 2.41 52.93 221.81 172.90
R141b 0.6 3.39 90 0.9 2.15 57.58 238.93 190.42
Ammonia 0.6 3.37 90 0.9 3.83 276.95 1150.00 879.43
n-Butane 0.6 3.170704 90 0.9 4.08 102.94 422.30 341.57
2 IsoButane 0.6 3.6 90 0.9 9.41 298.30 933.56 406.83
8 R152a 0.6 3.62 90 0.9 5.56 201.45 653.09 288.06
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Isopentane 0.6 3.37 90 0.9 8.53 300.21 994.27 442.66
R134a 0.6 3.892519 90 0.9 4.39 141.37 464.33 206.43
R11 0.6 4.21 90 0.9 4.43 126.89 396.50 173.12
R114 0.6 3.193368 90 0.9 3.25 104.57 352.80 158.53
R113 0.6 3.3 90 0.9 3.39 112.22 384.33 173.59
Ethanol 0.6 4.05 90.297 0.9 8.57 399.04 1524.98 712.64
R142b 0.6 3.911231 90 0.9 5.10 157.83 500.83 219.69
R141b 0.6 3.39 90 0.8938695 4.30 154.06 514.40 229.70
Ammonia 0.6 3.37 90 0.9 7.66 645.78 2198.45 978.40
n-Butane 0.6 3.25 90 0.9 8.36 299.99 973.27 429.51
IsoButane 0.6 3.6 96.366 0.9 4.71 165.07 520.51 433.61
R152a 0.6 3.62 90.353 0.9 2.78 111.02 391.41 304.30
Isopentane 0.6 3.37 90 0.9 4.26 168.70 536.12 472.36
R134a 0.6 4 90 0.9 2.26 79.44 272.76 219.26
R11 0.6 4.195337 90 0.9 2.21 69.01 229.14 181.58
% R114 0.6 3.21 90 0.8963921 1.63 58.24 194.60 168.57
4 R113 0.6 3.3 90.908 0.9 1.69 61.87 208.85 183.32
Ethanol 0.6 4.05 90 0.9 4.28 215.18 921.97 744.33
R142b 0.6 4 90 0.8954393 2.61 87.48 289.62 233.07
R141b 0.6 3.39 90 0.9 2.15 84.94 291.67 241.20
Ammonia 0.6 3.33 90 0.9 3.78 339.50 1342.32 1009.13
n-Butane 0.6 3.25 90 0.9 4.18 167.84 544.96 457.44
IsoButane 0.6 3.6 90 0.9 4.70 360.52 750.26 500.96
R152a 0.6 3.62 95.049 0.9 2.78 193.54 500.64 358.53
% Isopentane 0.6 3.37 90 0.9 4.26 400.38 799.16 535.05
e R134a 0.6 3.99714 90 0.9 2.26 153.05 364.87 256.25
R11 0.6 4.21 90 0.9 2.22 125.79 302.93 215.62
R114 0.6 3.21 90 0.9 1.63 129.51 277.59 192.00
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R113 0.6 3.3 90 0.9 1.69 138.85 298.70 208.98
Ethanol 0.6 4.015836 90 0.9 4.25 350.64 1114.28 857.90
R142b 0.6 3.967692 90 0.9 2.59 170.35 392.33 272.67
R141b 0.6 3.331648 90 0.9 2.11 168.09 393.45 278.33
Ammonia 0.6 3.37 90 0.9 3.83 401.82 1539.06 1186.24
n-Butane 0.6 3.25 90 0.9 4.18 362.14 772.90 524.70
IsoButane 0.6 3.314855 90 0.9 4.32 188.63 797.84 314.80
R152a 0.6 3.62 90 0.8733816  2.78 136.27 597.44 233.82
Isopentane 0.6 3.134489 90 0.9 3.96 190.37 835.13 343.76
R134a 0.6 2.959688 90 0.9 1.66 91.27 418.93 165.77
R11 0.6 3.937721 90 0.9 2.07 88.90 368.54 142.24
= R114 0.6 3.005086 90 0.9 1.53 67.32 305.15 124.39
Q R113 0.6 3.071542 90 0.9 1.57 75.54 339.99 139.96
Ethanol 0.6 4.05 100.653 0.9 4.29 302.17 1503.70 605.77
R142b 0.6 3.655734 90 0.9 2.38 103.87 445.56 173.62
R141b 0.6 3.39 90 0.9 2.15 113.01 483.34 190.42
Ammonia 0.6 3.37 90 0.9 3.83 550.07 2299.99 879.43
n-Butane 0.6 3.25 90 0.9 4.18 201.88 858.58 340.72
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Figure 10 shows the variation of thermal efficiency with the various ORC structures and the
twelve working fluids. The figures show that RRORC and SORC structures have the best and the
worst thermal performance, respectively.
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Figure 10 Thermal Efficiency.

3.3 Results of Structural Optimization

All twelve working fluids used for the optimization and the corresponding optimum thermal
efficiencies, work output, pump work and the environmental impact of the working fluids are then
inputted into the TOPSIS algorithm. Subsequently, the modified TOPSIS scheme was applied,
coupled with the weights determined from the AHP algorithm, where the relative importance is
assigned to the criteria. The obtained weights are presented in Table 5. The TOPSIS scheme for
selecting the best configuration is presented in Table 6. The detailed results from the modified
TOPSIS analysis are presented in Table S1 in the Appendix, showing the cost (C) and benefits (B) for
various parameters of interest. The observed output indicated a selection of RRORC at indicated
weights, while SORC resulted in the least in selection ranking. The RRORC has the following
performance; thermal efficiency of 49.5%, maximum power output of 0.4 MW, condenser pressure
of 90 kPa, and turbine pressure of 3.37 MPa.

Table 5 AHP Weights for TOPSIS.

Criteria Weight Direction of optimization
Thermal Efficiency (-)  0.20107 Max
ODP (-) 0.15027 Min

Turbine pressure (-) 0.13148 Min
Condenser Pressure (-) 0.17531 Min
Power output (-) 0.13148 Max
GWP (-) 0.21038 Min
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Table 6 TOPSIS Ranking.

! el Mid Point  Half width  Rank
0.0092 0.6101 0.3096 0.3005 8
0.54 0.8522 0.6961 0.1561
0.7758 0.9217 0.8488 0.0729
0.535 0.8498 0.6924 0.1574
0.5548 0.9348 0.7448 0.19
0.5397 0.8741 0.7069 0.1672
0.7704 0.9378 0.8541 0.0837
0.5381 0.897 0.7175 0.1795

AR W I NN

4, Conclusion

In response to the Paris Agreement, reached in 2015, many nations have begun to chart
development pathways away from climate-forcing activities; where the oil and gas sector dominates
in the energy space. Therefore, are ambitious medium- to long-term plans to rapidly introduce
low/zero energy conversion technologies into the energy generation space, renewable energy
technologies. Therefore, this work presents the thermodynamics and structural optimizations of
different organic Rankine cycle structures, which are well aligned with biomass-to-power
technology. This project considered eight (8) configurations of the Organic Rankine Cycle, which
include the Simple Organic Rankine Cycle (SORC), Regenerative Organic Rankine Cycle (RORC),
Cascade Organic Rankine Cycle (CORC), Organic Rankine Cycle with Superheat (ORCS) and Organic
Rankine Cycle with Superheat and Reheat (ORCSR), Regenerative Superheat ORC, Regenerative
Reheat ORC and 20RC. The artificial bee colony algorithm was used to conduct the thermodynamic
optimization, whereas the modified TOPSIS multi-criteria decision-making was used to conduct the
structural configuration. The criteria of interest under the modified TOPSIS were the Global
Warming Potential, Ozone Depletion Potential, compressor power input, turbine power output and
the thermal efficiency of the configuration. The overall optimization study shows that RRORC,
operating with an isopentane of 0 GWP and ODP, was selected as the best ORC configuration. The
RRORC has the following performance; thermal efficiency of 49.5%, maximum power output of 0.4
MW, condenser pressure of 90 kPa, and turbine pressure of 3.37 MPa. The results presented in this
work will support clean energy developers in the clean energy access sector, especially in the
agrarian community with huge agro-waste generation potentials. Future work is expected to apply
the optimal system to develop agro-waste fired combined heat and power system to provide a clean
energy system for agrarian communities that currently have limited access to modern energy

supply.
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