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Keywords: ABSTRACT. In maintaining the existence of sugar factories that are still actively operating in
Intensification, Indonesia, efforts should be made to intensify sugar production and/or extensify sugarcane
Sugar Solution, plantations. In terms of the intensification of the process, it is necessary to periodically evaluate the
Number of Effects, performance of process equipment, especially those that require utilities so that the process is
Optimization, effective and efficient. The process of making sugar passes through six stages, namely: milling,
Steam Economy purification, evaporation, cooking, screening, and packaging as the final stage. The evaporation

process is a crucial process that determines the success of the entire process because the sugar solution
is concentrated from 11% to 64%. The evaporator was designed to use a multiple-effect evaporator
to increase the value of steam economy. The objective of this research was to optimize the process
condition that requires a minimum total cost at PT. XYZ, a sugar factory. Sugar solution /juice
concentration at feed, temperature of feed, and number of effects were variables studied in this
research. To achieve this goal, it was necessary to survey the sugar factory to obtain the necessary
data. Furthermore, a mathematical model was compiled based on the principle of mass and heat
balance and then an Excel-Goal Seek program was used to carry out an accurate optimization. To
conclude, for a mass flow rate of 125,000 kg/h with a concentration of 11% sugar solution and a feed
temperature of 100°C, the optimum conditions were obtained by employing a quadruple effect
evaporator with a minimum annual production cost of IDR 22,090,361,779.00 at PT. XYZ. The
optimum conditions obtained were as follows: total evaporator area = 2,443.81 m?, steam economy
=3.98, and steam demand = 26,028.2 kg/h. A quadruple effect evaporator is commonly utilized in
sugar factories in Indonesia.

1. INTRODUCTION

Sugar is one of the plantation commodities that is included in the nine staple foods. In 2019, sugar consumption
in Indonesia reached 3,152,230 tons, which is larger than its production of 2,450,000 tons. The sugar shortage in
Indonesia is met by importing sugar from Thailand and India. Some factors causing the decrease in sugar
production include low efficiency at the farm level and inefficient sugar factories, one of which is the use of
outdated sugarcane milling machines, resulting in suboptimal sugar production [1]. The current domestic sugar
production is inadequate to meet the domestic demand, and the operational sugar factories are already outdated.
Consequently, maintaining the current sugar factories and constructing new ones are required to increase domestic
sugar production. The efficiency of the currently operating sugar factories must be increased by intensification and
extensification to ensure their existence. In particular, the intensification of the sugar factory processes, including
production process intensification, necessitates periodic evaluations of the performance of process equipment that
require utilities to ensure an effective and efficient operation. The sugar manufacturer at PG Kedawoeng, Pasuruan,
involves six stages: milling, purification, evaporation, cooking, centrifugation, and packaging, which is the final
stage [2]. Among the six stages, the evaporation process is the dominant process controlling the success of the
entire process, as the process concentrates the juice from a concentration of around 11% to around 64%.

The evaporation process requires a considerable amount of steam as a utility. Therefore, selecting the type of
evaporator and designing the evaporation system is crucial to ensure an effective and efficient evaporation process.
The evaporator used in this study was designed to use a multiple-effect evaporator with a forward-feed method.
The use of a multiple-effect evaporator aimed to increase steam economy, and the application of the forward-feed
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method aims to reduce the pumping energy of the juice. Based on this background, this journal aims to discuss the
optimization of the heat transfer area and steam requirements that give a minimum total of steam and evaporator
operation costs in line with the sugar factory's juice production capacity. The research data required includes the
composition of the juice entering and leaving the evaporator, the boiling point rise for each effect, the juice
production capacity, the steam conditions used (temperature and pressure), and the vacuum system used. The
required data are obtained from field surveys in several sugar factories, particularly in East Java, Indonesia.

1.1. Single Effect Evaporation Principle
The single-effect evaporator is depicted in the following diagram:

T:1=Ts: Vi=F-L;

N
F=kg/j
Xr, TF
> (1)
5. Ts__LaA~AA

]

T, Lixs

Figure 1. Single effect evaporator (Redrawn from [3])

Based on Figure 1, the steam (S) condenses outside the evaporator as condensate or dew droplets. The sugar
solution inside the evaporator has the same concentration and temperature, T1, which is the boiling point of the
solution. The temperature of the incoming steam, Tsi, is also equal to T since the steam is in equilibrium with the
boiling point of the solution. If the evaporated solution is assumed to be diluted and the solvent is water, then 1 kg
of incoming steam will evaporate around 1 kg of water from the solution as it acts as a heating agent. This applies
if the incoming feed, Tr, approaches its boiling point. The concept of the overall heat transfer coefficient is used
in calculating the rate of heat transfer inside the evaporator. The rate of heat transfer is expressed in Equation (1)
as follows:

q = UAAT = UA(Ts — Ty) (1)

where: q = heat transfer rate, W; U = overall heat transfer coefficient, W/m?>.K; A = heat transfer area of the
evaporator, m?; Ts; = temperature of the condensing steam, K; T, = boiling point temperature of the solution, K.
The overall heat transfer coefficient U can be estimated using the approach:

1 1 1

t=ial @)

U hi ' ho

with: hj, = convective heat transfer coefficient of condensing steam and h, = convective heat transfer coefficient
of the juice solution calculated based on the boiling point of the solution.

1.2. Calculations for multi-effect evaporators
Multiple effect evaporators are depicted in detail in the following figure:
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Figure 2. Multiple effect evaporator with number of effects n forward feed type

In a multiple-effect evaporator, the implications of each kilogram of water evaporated are twofold: the amount
of steam consumed is inversely proportional to the number of effects used, and the amount of cooling water used
in the condenser is inversely proportional to the number of effects. In order for heat transfer to occur effectively,
a temperature drop must occur for each effect. In other words, the steam temperature produced in a particular effect
must be higher than the boiling point temperature of the solution in the next effect, or it can be expressed in
inequality 3 with temperature (T) and pressure (P) symbols as follows:

Ti>T>....... >T,, likewise: P;>P>>......... >P, 3
with: T;, T, ... ... ...T, is the temperature of the water vapor outward from the 1st, 2nd, ... until n number of effect;
whilst P;, Py, ... ... ...P, is the outward pressure of water vapor from the 1st, 2nd, ... until n number of effect.

Based on the given data, calculations for a multiple-effect evaporator system require the values of heat transfer
area in each effect (A,), the mass (kg) of steam per hour to be supplied (S), and the amount of steam leaving each
effect (Sy). The following data is usually available or known: (1) the vapor pressure in the first effect, (2) the vapor
pressure in the last effect, (3) the feed conditions (concentration of the solution and temperature) and the mass
flow rate of the feed entering the first effect, (4) the final concentration in the liquid leaving the last effect, (5)
physical properties such as enthalpy and/or heat capacity of the liquid and vapor, and (6) the overall heat transfer
coefficient in each effect (Un). Based on Figure 2 above, the following equations can be used: total mass balance,
component mass balance for the solution, and heat balance for each effect from 1 to 7 as described below.

Total and component of the material balance for the first effect

F=L+V; 4)
Fxp = Lyx; (%)
Fhp +SAg; = Lihy + V1 Hy (6)
FeppTe + SAsy = Licpi Ty + (F—LyH, @)
or

_ LycpiTy+(Hy—cppTF)F—L1Hy
SAs1

S ®
With: F = feed mass flow rate, kg/h; L; = output mass flow rate of concentrated solution, kg/h; V| = output mass
flow rate of vapor, kg/h; S = incoming mass flow rate of steam, kg/h; cpr and cp; are specific heat capacities of
feed and concentrated solution, kJ/kg.K, As;= latent heat of vaporization, kJ/kg, xr and X, are concentrations of
solution in feed and leaving concentrated solution, mass percent, Tr and T, are temperatures of feed and leaving
concentrated solution, °C, H; = enthalpy of saturated vapor leaving, kJ/kg. Equation (8) can be used to calculate
the amount of steam required (S). The heat capacity of concentrated solution is influenced by the concentration of
solution and is expressed by the following equation [4]:

Cp, = 14,275 - 6,6.1072(T + 273) + 1,1.107*(T + 273)* — 2,7.10~*x ©)
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With: Cp = heat capacity of the juice, J/g.K, T = temperature of the juice, °C, x = juice concentration, mass fraction.
Another simpler correlation in which the heat capacity is only influenced by the syrup concentration is provided
by Geankoplis et al. [3] as follows:

C, = 4,39 —2,35x (10)
With: C, = heat capacity of juice, kl/kg.K.

The enthalpy of saturated steam is estimated from the saturated steam enthalpy data plus the specific heat
capacity of steam multiplied by the Boiler Pressure Ratio (BPR) value as follows:

H; = Hy;,, + 1,884BPR,; (11)

and the saturated steam enthalpy, Hs, saturated water enthalpy, hs, and steam latent heat of evaporation, As, are
calculated based on empirical equations regressed from thermodynamic properties data of saturated steam and
saturated water as follows [5]:

Hg = —0,0023T? + 2,0246T + 2496,5 (12)
hy = 4,2071T — 1,4304 (13)
As = Hg — hg (14)

For the total mass balance, juice mass balance, and heat balance for each effect-other effects, they are described
as follow.

Total and component of the material balance for the second effect

Li=L,+V, (15)
Lix; = Lyx, (16)
Lihy +ViAg, = Lyhy + Vo H, 17)
LicpiTy + (F — L)Asy; = Lycpp Ty + (Ly — Ly)H, (18)

or it can be rewritten into the following

(HZ + ASZ - CplTl)Ll + (szTz - HZ)LZ = FASZ (19)

Total and component of the material balance for the third effect

Ly=Ls+V; (20)
Lyx, = L3xs 21
Lyhy +VyAg3 = Liyhy + V3 H, (22)
LoycpoTy + Voldss = LycpsTs + (L — L3)Hs (23)
LaycpoTy + (Ly — Ly)Asz = L3cp3Ts + (Ly — Ly)H; (24)

or it can be rewritten into the following
153141 + (szTz - /153 - H3)L2 + (H3 - Cp3T3)L3 = 0 (25)

Assly + (szTz —As3 — Hs)Lz = (Cp3T3 - H3)L3 (26)

Total and component of the material balance for the fourth effect
L3 = L4_ + V4 (27)
L3xs = Lax, (28)
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Lihy 4+ ViAdgy = Lyhy + V,H, (29)
L3cpsTs + (Ly — L3)Ass = LyCpaTa + (L — Ly)H, (30)
or it can be rewritten into the following

AsaLa + (cp3Ts — Asy — Hy)Ls + (Hy — cpaTy)Ly = 0 31)

Asaly + (CpSTS —Asa — H4)L3 = (Cp4T4 - H4)L4 (32)

Total and component of the material balance for the fifth effect

Ly=Ls+Vs (33)
Lyxy = Lsxs (34)
Lahy + VyAss = Lshs + Vo Hg (35)
LycpsTy + (L3 — Ly)Ass = LscpsTs + (Ly — Ls)Hs (36)

or it can be rewritten into the following
AssLs + (cpaTy — Ags — Hs )Ly + (Hs — cpsTs)Ls = 0 37

AssLs + (paTa = Ass — Hs) Ly = (cpsTs — Hs)Ls (38)

Total and component of the material balance for the sixth effect

Ls =Lg+ Vg (39)
Lsxs = Lgxg (40)
Lshg + VsAge = Lghg + Vg Hg (41)
LscpsTs + (Ly — Ls)Ase = LeCpeTe + (Ls — Lg)He (42)

or it can be rewritten into the following
AseLa + (cpsTs — Ase — Ho)Ls + (He — ¢, Ts)Le = 0 (43)

AseLy + (cpsTs — Asg — Hy )Ls = (¢, Te — He)Lg (44)

Total and component of the material balance for the seventh effect

Le=L,+V, (45)
Lexe = L7x4 (46)
Lghg + VgAg7; = L,h, +V,H, (47)
LecpeTe + (Ls — Lg)As; = L7cp7 Ty + (Lg — L7)H; (48)

or it can be rewritten into the following

As7Ls + (cpeTe — Asy — Hy )L = (cp, T — Hy) L, (49)
In general can be written equations:

AsiLi—g + (cpicaTicy — Asi — Hy)Li_q = (CpiTi — H)L; (50
with i = effect number.

From Equation (50) of mass and heat balance, a set of equations can be derived to calculate the outlet flow
rates of the juice from each effect, other than the inlet and outlet juice flow rates of the last effect, since the outlet
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flow rate of juice from the last effect can be calculated from the total mass balance and the concentration of the
juice first. For a triple effect evaporator, Equation (51) and (52) can then be formulated:

(HZ - ASZ - CplTl)Ll + (szTz - HZ)LZ = FASZ (51)
AssLi + (szTz —As3 — H3)L2 = (Cp3T3 - Hs)L3 (52)

Value of F, L3, Cp1, Cpz,) Cpz, Ha, H3, Ty, T3, T3, Ag, and Ag3 from both equations, it is known or can be calculated
beforehand, so both equations are two simultaneous linear algebraic equations with two variables, which is L; and
Lo, which can be solved by Gauss-Jordan elimination or other methods. Using similar analysis, equations can be
derived for other multiple effect evaporators.

For a quadruple effect evaporator, three equations can be formulated as follows:

(Hz - ASZ - CplTl)Ll + (szTz - Hz)Lz = FASZ (53)
153141 + (szTz - /153 - H3)L2 + (H3 - Cp3T3)L3 = 0 (54)
AsaLa + (paTs — Ay — Hy) Ly = (CpaTy — Hy )Ly (59

Value of Ly, Cp1s Cp2s Cp3s Cpar Hoy H3, Hy Ty, T3, T3, Ty, Ag2, A3 and Ag, from these three equations, which are
already known or can be calculated beforehand, they form a set of 3 simultaneous linear algebraic equations with
3 variables, namely Li, L,, and L3, which can be solved by Gaussian elimination or other methods.

For a 5-effect evaporator or quintuple effect evaporator, 4 equations can be formulated as follows:

(Hy — Az — ¢paT1 )Ly + (cpaTo — Hy )Ly = Fig, (56)
AssLy + (cpaTy — Az — H3) Ly + (Hz — ¢p3Ts )Lz = 0 (57)
Asaly + (cpsTs — Asy — Hy)Lg + (Hy — cpaTy)Ly = 0 (58)
AssLs + (cpaTy — Ass — Hs )Ly = (cpsTs — Hs)Ls (59)

Value of Lsg, Cp1, Cpa, Cp3s Cpas Cpsy Ho, Hz, Hy, Ty, T, T3, Ty, sz, As3, Asa, and Agg from the four equations, it is
already known or can be calculated beforehand, thus the four equations represent a system of 4 simultaneous linear
equations with 4 variables namely Li, L, L3, and L4 which can be solved by Gauss-Jordan elimination or other
methods.

For a 6-effect evaporator or sextuple effect evaporator, a set of 5 equations can be formulated as follows:

(Hy — Asz — ¢p1T1 )Ly + (cpaTo — Hy )Ly = Fig, (60)
AssLy + (cpaTy — Ass — Hs)Ly + (Hs — cp3T5)Ls = 0 (61)
Asaly + (cpsTs — Asy — Hy)Lg + (Hy — cpaTy)Ly = 0 (62)
AssLs + (¢paTy — Ags — Hs )Ly + (Hs — cpsTs)Ls = 0 (63)
AseLa + (¢psTs — Ase — Ho)Ls = (cpeTs — Ho)Ls (64)

Value of L, Cp1, Cpz, Cp3s Cpas Cpsy Cpes Ha, Hs, Hy, Hs, Hg, Ty, Ty, T3, Ty, Ts, Tg, Asz, As3, Asas Ass and Agg from the
five equations above, it is known or can be calculated beforehand that these equations are 5 simultaneous linear
algebraic equations with 5 variables, namely L, L, L3, Ls, and Ls, which can be solved by Gaussian elimination
or other methods.

Furthermore, for a 7-effect evaporator or heptuple effect evaporator, 6 equations can be formulated as follows:

(Hy — Asy — cp1Ty )Ly + (cpaTo — Hy )L, = Fig, (65)
AssLy + (cpaTy — Az — Hs)Ly + (Hz — cp3T5)Ls = 0 (66)
AsaLo + (cpsTs — Asy — Hy)Lg + (Hy — €paTy)Ly = 0 (67)
AssLs + (cpaTy — Ags — Hs )Ly + (Hs — ¢psTs)Ls = 0 (68)
AseLa + (cpsTs — Asg — Ho)Ls + (He — cpeTe)Le = 0 (69)
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As7L5 + (Cp6T6 - /‘137 - H7)L6 = (Cp7T7 - H7)L7 = 0 (70)

Value of Ly, Cp1, Cp2,s Cp3s Cpas Cpsi Cpes Cp7s Hay Hs, Hy, Hs, Hg, Hy, Ty, Ty, T3, Ty, Ts, To, T7, Asz, As3y Asar Assy Ase and
Ag7 from the six equations are already known or can be calculated beforehand, these six equations constitute a
system of 6 simultaneous linear algebraic equations with 6 variables, namely Li, L», L3, L4, Ls, and Ls, which can
be solved using Gauss-Jordan elimination or other methods. Once the flow rates of each effect, L1, Ly, L3, La, Ls,
and Lg, are calculated, the rates of water vapor leaving each effect, Vi, V, V3, V4, Vs, Vi, and V7, can then be
determined. The heat transfer area in each effect is assumed to be the same. In a multiple effect evaporator, the
juice must be concentrated to a suitable concentration for crystallization, which is typically around 60% by mass.
Steam used as heating medium in the multiple effect evaporator can be generated from low-pressure steam waste
from a turbine. [6].

2. MATERIALS AND METHODS

2.1 Data of fixed variables used for simulation

The following data were obtained from PT. XYZ sugar factory. The flow rate of sugar solution collected from
several sugar factories, especially in East Java area, Indonesia, was approximately 125,000 kg/hour. The
concentration of sugar in the concentrated sugar solution produced from the last effect was approximately 64%
mass. Water vapor pressure at the last effect was known to be 15.53 kPa with temperature of 54.66°C. The
temperature of the steam on the first effects was 117°C.

2.2 Variables observed:

Diluted feed of sugar solution temperatures were in the range of 60°C to 100°C with 10°C intervals. The
concentration of dilute solution ranged from 7% to 15% with an interval of 2%. 3. The number of effects were
varied from 3 to 7.

2.3 Optimization of Heat Transfer Area in Multi-Effect Evaporator

The calculation for optimization purposes is solved through a trial-and-error method with the following seven steps
as follows [4]:

1. Based on the known concentration of the juice leaving the last effect and the vapor pressure entering the last
effect, the boiling point in the last effect can be determined through overall mass balance and component mass
balance calculations to obtain L, Lo, ..., and Ly, Vi, Vo, ..., and V,. The steam requirement (S) for the first effect
can also be calculated.

2. The amount of heat transferred per hour in the first effect of the evaporator with forward feed in Figure 2 can
be calculated as:

q1 = U;41ATy (71)

with AT is the difference between the steam condensation temperature and the boiling point of the juice (Ts - T1).
Assuming that the juice solution does not experience boiling point elevation, neglecting the heat of dissolution,
ignoring the sensible heat required to heat the feed to its boiling point, and assuming partial evaporation of water,
the amount of heat released in the form of steam can be calculated. This steam then condenses in the second effect,
releasing a heat q, and for the n effect, it can be expressed by the following equation:

q; = U;A,AT, (72)
qn = UpA AT, (73)

By analogy, the values of g, can also be developed. In the design and to facilitate the fabrication of the evaporator,
the heat transfer area of each effect is considered the same and assuming that the heat transfer rate in each effect
is the same, the equations can be written as follows:

G1=q=""=qn =q (74)
U, A, AT, = U,A,AT, = -+ = U, A, AT, = UAAT (75)
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A =A,==4,=4A (76)
Consequently:
%z U,A; = UpA, = -+ = U,AT, (77)

g/A is the heat transfer flux that is for the maximum organic solution around 12.000 Btu/hour.ft> [8].

3. The temperature difference (AT) in several evaporator effects is approximately inversely proportional to the
values of U. Therefore, since AT is proportional to 1/Uj, then:

1

AT, = Y AT +—2— (78)

U1 Uz Un

Similar equations can be written for AT, ATs, ... and ATy, where U; is the heat transfer coefficient for the first
effect, W/m?K, U, is the heat transfer coefficient for the second effect, W/m?K, Us is the heat transfer coefficient
for the third effect, W/m?K, and Un is the heat transfer coefficient for the nth effect, W/m?*K. The overall heat
transfer coefficient value is influenced by the concentration of the juice. Using a quintuple effect evaporator, Storia
(2019) investigated the effect of juice concentration on the overall heat transfer coefficient and reported that as the
juice concentration increased from 18 °Brix in the first effect to 68 °Brix in the fifth effect, and using the Dessin
method, the overall heat transfer coefficient value would decrease from 3.46 kW/m2.K in the first effect to 0.86
kW/m?.K in the fifth effect [9].

Furthermore, the overall heat transfer coefficient U value, particularly for vertical tube evaporators, can be

determined using empirical equations developed based on the relationship between boiling temperature and U
value [10]. The original data is in the form of a graph showing the relationship between temperature and overall
heat transfer coefficient in British units, which was then converted to metric units and regressed by the author to
obtain the following empirical equation:
U = 0,645T18129 (79)
with U = overall heat transfer coefficient, W/m?.K, T = boiling temperature of the sugar solution, K. Any effect
that has an extra heating load will require a proportionally larger AT. Prediction of the overall heat transfer
coefficient involving three variables namely: sugar solution concentration, X, sugar solution temperature, Tr and
feed flow rate, F, especially for Robert type evaporator is given by Srivastava (2013) with the following empirical
equation [11]:

U :0’1909( x )—3,153( Tf )—0,298( F )0,0615 (80)

Umaks Xmaks Tmaks Fmaks

With: Upaks = 5,71 kW/m2.°C; Xpar = 0,57; Tynax = 122°C dan Fee= 100 kg/s.

The value of ZAT is calculated based on the increase in the boiling point of the juice in each effect, as follows:
Y AT = AT, + AT, + -+ AT, = Tgp — T, — [BPR; + BPR, + -+ BPR,,] (81)

With AT = (Ts - T1), the temperature difference available for the first effect, AT2 = (TS1 - T2), the temperature
difference available for the second effect, AT, = (Tsn.1 - Tn) = the temperature difference available for the n-th
effect, Ti = the boiling temperature of the syrup in the first effect, K, T, = the boiling temperature of the syrup in
the second effect, K, T, = the boiling temperature of the syrup in the n-th effect, K, Ts = the steam inlet temperature
to the first effect, K, Tsi = the temperature of saturated steam leaving the second effect, K, Ts, = the temperature
of saturated steam leaving the n effect, K, BPR; = the boiling point rise of syrup in the first effect, BPR, = the
boiling point rise of syrup in the second effect, and BPR,, = the boiling point rise of syrup in the n effect. The value
of BPR is calculated by the following empirical equation [4]:

BPR = 1,78x + 6,22x? (82)

The equation is as follows, where x represents the mass fraction of the solution [12]:

3.816,44 4
18,3036—1n[7,5(p+%)] 100-x

Ty = —227,03 + (83)
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With: Tr = boiling temperature of the juice, °C; p = vapor pressure inside the effect, kPa; p = density of the juice,
kg/m?, g = acceleration due to gravity, m/s*; H = height of juice in the evaporator, m.

4. By applying mass and heat balance to the first effect, the amount of evaporated water can be calculated and
consequently the amount of steam (S) entering the first effect, and the value of heat transferred in each effect (q)
can be estimated.

5. By applying the heat transfer rate equation, g = UAAT for every effect, heat transfer area can be calculated: Aj,
A, ..., and A,. The arithmetic mean value Ay, is calculated using the equation:

 AjH+Ag et Ap
n

Ap (84)

6. If the values of Aj, Az, As, ..., and A, are close enough to each other, then the calculation is considered complete
and a second calculation is not needed. However, if conversely, the values of Aj, A, As, ..., and A, are almost
different, the second calculation should be carried out with the steps mentioned above, then the new values of AT}',
AT, ..., and AT,' are calculated using the following equation:

AT] = S22 (85)
,  AT,A

AT, = ﬁ (86)

AT, = Snon (87)

The sum of AT' + AT,' + ...+ AT,' should be equal to the original XAT. If it is not, adjust proportionally all
the calculated values of AT' based on the boiling point rise in each effect, and as shown before, calculate qi,
q2,...and qn and Aj, Aa,...and A, using the new values of AT+ AT,' + ...+ AT,

7. Step 6 is repeated until the value of the steam velocity exiting each effect is equal to a maximum allowable
difference tolerance of 10%, and the calculated heat transfer area for each effect is equal.

2.4. Estimated Production Cost of Concentrated Juice

The production cost of concentrated juice consists of two components: steam cost and evaporator cost. The
steam requirement can be calculated from the mass and heat balance of the evaporator, and subsequently the steam
cost can be calculated using the following equation:

BS = SCs (88)

where BS represents the steam cost and C represents the steam price. Furthermore, the annual steam cost (BST)
is calculated using the following equation:

BST = JOT X JJH % C; (89)

With: JOT = number of operational days of sugar factory per year and JJH = number of operational hours of sugar
factory per day. The operational days of sugar factories in Indonesia range from 150-180 effective days per year,
which is derived from the number of days during the sugarcane milling season in several sugar factories [13]. In
general, sugar factories start operating from late May or early June until October. The annual evaporator cost can
be calculated as follows [14]:

CE = 16.595,87A%54 (90)

With A being the heat transfer area of the evaporator in square meters, and CE being the evaporator cost in USD
in 2002, adjusted for inflation. The average currency exchange rate in November 2021 from Bank Indonesia was
1 USD = IDR. 14,462.00. The Chemical Engineering Plant Cost Index (CEPCI) values for 2002 and 2021 were
395.6 and 655.9, respectively. The empirical equation was obtained from regression data that took the form of a
specific curve, particularly for the evaporator.

BET = 0,15(1 + 0,6)CE 1)
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where BET represents the annual evaporator cost, CE is the purchase price of the evaporator, and the multiplying
factor of 0.15 represents the depreciation cost of the evaporator purchase price, while the multiplying factor of (1
+ 0.6) represents the cost of piping installation and the attachment of equipment to the evaporator.

2.5 Optimization of Annual Juice Production Costs

The total annual production cost of concentrated sugarcane juice (BPT) is the sum of the annual steam cost
(BST) and the annual evaporator cost (BET), expressed by the following equation:

BPT = BST + BET (92)

In this study, the annual total production cost of syrup was calculated for each number of effects investigated.
By plotting the relationship between the number of effects and the annual total production cost of syrup, the
optimum number of effects with the minimum total production cost can be determined [15].

3. RESULTS AND DISCUSSION
3.1. Relationship between the amount of effect on evaporator installation costs, steam costs and annual total juice
production costs

The relationship between the number of effects and the evaporator installation cost, steam cost, and total annual
production cost is shown in the following figure:
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Figure 3. The relationship between the number of effects and the evaporator cost, steam cost, and total annual
cost for the production of 125,000 kg/h of syrup

From Figure 3, the annual evaporator cost will increase linearly with the increasing number of effects, with an
increase of around 2.5 times. The increase in the number of effects will increase the total heat transfer area
requirement, which will in turn increase the cost of producing juice. On the other hand, the annual steam cost will
decrease gradually as the number of effects increases. The number of effects will indeed increase the steam
economy (SE) from 2.99 to 7.94, but it will also increase the total annual cost of producing juice after it is combined
with the annual steam cost. Optimizing the heat transfer area requirement and steam requirement must be based
on the minimum total cost of producing juice per year. From Figure 3, the minimum total cost of producing juice
per year is achieved at IDR 22,090,361,779.00, which is shown by the evaporator with 4 (four) effects. At that
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condition, the total evaporator area = 2,443.81 m?, steam economy = 3.98, and steam requirement = 26,028.2 kg/h.
Four effects evaporator is utilized by most of sugar factories in Indonesia.

3.2. Effect of the sum of effects on the annual production cost of juice total for various feed temperatures

The effect of number of effects and feed temperature on the total annual production cost of juice is presented
in Figure 4. From Figure 4, as the feed temperature increases from 60°C to 100°C, the total annual production cost
of juice will decrease. This is because an increase in juice concentration in the feed will decrease the water content,
thus reducing the amount of water evaporated. Furthermore, the steam requirement will also decrease from 43,091
kg/hour to 14,893 kg/hour. As the number of effects increases from 4 to 7, the total cost will increase. This is
because an increase in the number of effects will increase the heat transfer area from 1,931 m?® to 4,433 m>.
Similarly, an increase in the number of effects for various feed temperatures will reduce steam requirements, while
an increase in the number of effects will increase the cost of the evaporator equipment by approximately 2.5 times.
From Figure 4, the optimum condition that provides the minimum total annual production cost of juice is achieved
at a feed temperature of 100°C and 4 effects with a total cost of IDR 22,090,361,779.00 and the influence of the
evaporator cost is greater than the steam cost.
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Figure 4. Effect of the number of effects on the annual total juice production cost for various feed temperatures
at a feed rate of 125,000 kg/h and a feed concentration of 11%.

3.3. Effect of the sum of effects on the annual total juice production cost for various concentrations of feed juice
at a feed temperature of 100 °C

The effect of the number of effects and the feed concentration on the total annual juice production costs,
particularly at a temperature of 100°C, is presented in Figure 5. For various numbers of effects, increasing the juice
concentration in the feed will lower the juice production costs. This is because higher juice concentration leads to
lower water concentration in the juice. As a result, for the same juice product concentration of 64%, increasing the
juice concentration in the feed from 7% to 11% will also decrease the amount of water that needs to be evaporated.
Consequently, the steam requirement will also decrease. For a four-effect system, the steam requirement will
decrease from 28.151 kg/hour at a juice feed concentration of 7% to 23.902 kg/hour at a juice feed concentration
of 15%. Moreover, for the same juice feed concentration of 7%, increasing the number of effects will reduce the
steam requirement from 37.358 kg/hour at three effects to 37.358 kg/hour at seven effects. Based on the effect of
the juice feed concentration, the optimum condition for achieving the minimum total annual juice production cost
of IDR.20.822.633.010,00 is with four effects and a juice feed concentration of 15%. The quadruple effect
evaporator system is commonly used in various new sugar mills in Indonesia due to its high evaporation efficiency
[16].
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Figure 5. Effect of number of effects on total annual juice production cost for various feed juice concentrations
at 100°C feed temperature

3.4. Effect of temperature on annual total juice production costs for various concentrations of juice in feed on
quadruple effect evaporators

From the calculations performed for variations in temperature from 60°C to 100°C and variations in juice
concentration in the feed from 7% to 15%, it was found that the optimum condition was always achieved with a
four-effect or quadruple effect evaporator system. Simulation was then conducted on the four-effect evaporator
system to determine the total annual juice production cost for the variations in temperature and juice concentration
in the feed. The results are presented in Figure 6 below:
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Figure 6. The relationship between feed temperature and the total annual juice production cost for various juice
concentrations in the feed in a quadruple effect evaporator system.

From Figure 6, for every concentration of feed, the total annual production cost of sugar solution (juice) will
decrease linearly as the temperature of feed increases. The decreasing pattern is the same, in the form of a straight
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line. For the same feed temperature, the total annual production cost of sugar solution will decrease as the
concentration of feed increases. For example, at a feed temperature of 100°C, the total annual production cost of
sugar solution will decrease from IDR 23,335,553,060.00 at a feed concentration of 7% to IDR 20,822,633,010.00
at a concentration of 15%. From the above description, for a feed flow rate of 125,000 kg/h with a product
concentration of 64%, the optimum condition is obtained with a minimum total annual production cost of IDR
20,822,633,010.00 at a feed concentration of 15% and a quadruple effect evaporator. Under these optimum
conditions, the steam requirement is 23,902.42 kg/h, the steam economy is SE = 4.00, and the total heat transfer
area is 2,276 m?. If checked against the heat transfer flux, the heat flux (q/A) = 58,494,020 W/2,276 m*> = 25,701.9
W/m?, which is still lower than the maximum heat flux of 120,000 W/m? [17].

4. CONCLUSION

The optimization of heat transfer area and steam requirement can be based on the minimum total annual
production cost of sugar solution (juice). For sugar solution with feed rate of 125,000 kg/h, concentration of 11%,
and feed temperature of 100°C, the optimum condition with the minimum total annual production cost of juice
was achieved at IDR 22,090,361,779.00 using a quadruple effect evaporator with a total evaporator heat transfer
area of 2,443.81 m?, steam economy of 3.98, and steam requirement of 26,028.2 kg/h. This condition is not far
different from the number of effects typically used in most sugar factories in Indonesia, which is four effects.
Results also showed that with the increase in the number of effects (from 4 to 7), the annual total sugar solution
production cost will increase, along with the increase in the heat transfer area of the evaporator from 1,931 m? to
4,433 m?. For various numbers of effects, increasing the feed concentration from 7% to 11% will decrease the total
annual production cost of sugar solution. For a quadruple effect evaporator, the steam requirement will decrease
from 28,151 kg/h at feed concentration of 7% to 23,902 kg/h at feed concentration of 15%. Furthermore, for each
sugar solution feed concentration, the total annual production cost will decrease linearly. At a feed temperature of
100°C, the production cost of sugar solution will decrease from IDR 23,335,553,060.00 at a feed concentration of
7% to IDR 20,822,633,010.00 at a feed concentration of 15%.
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