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Abstract

Adsorption chillers, driven by low-grade waste heat, offer environmentally benign refrigeration with
natural refrigerants like water, which has zero global warming potential, making them ideal for
sustainable cooling in remote or off-grid settings. However, inherent chilled water temperature
fluctuations during cyclic operation pose a major barrier to commercial viability, reducing system
stability and user comfort. This study aims to mitigate these fluctuations while enhancing performance
in a two-bed silica gel-water adsorption chiller. The key contribution is a novel control strategy
integrating an expanded six-mode cycle (900 seconds) with PID-modulated cooling water flow
approximated in discrete steps, 7 (3, 9, and 90), to follow the optimal profile. The numerical simulations
were conducted using MATLAB. The outcome is validated by comparing the results against two
established benchmarks: the conventional four-mode cycle and the ideal target cycle for adsorption
chillers. The simulation results show significant reductions in evaporator temperature fluctuations to
0.9°C peak-to-peak for n=9, alongside coefficient of performance (COP) improvements up to 6% (to
0.476) and cooling capacity (CC) boosts up to 4.86% (to 14.62 kW) compared to conventional four-mode
cycles. The n=9 configuration optimally balances stability and efficiency, with smoother refrigerant flow
(0.04-0.10 kg/s), minimizing thermal imbalances. While the finest discretization (n=90) yields
marginally higher performance of approximately 0.8% for COP and 0.4% for CC, the increase in
temperature fluctuations creates a trade-off. These advancements enhance energy efficiency and
reliability, positioning adsorption chillers as competitive alternatives for widespread sustainable
applications in air conditioning and industrial cooling.

Keywords: Adsorption chiller, coolant flow control, chilled water temperature fluctuation, silica-
gel/water, cycle time allocation

1. Introduction

Both absorption and adsorption refrigeration systems are thermally driven alternatives to conventional
vapor compression systems [1-4]. Adsorption-based cooling cycles (ARCs) specifically use solid
sorbents and can operate effectively with lower temperature heat sources [4-6]. Furthermore, adsorption
systems are characterized by simpler, more robust designs with no moving parts, making them
particularly well-suited for remote or off-grid applications [3, 5, 7, 8]. Moreover, ARCs have favorable
environmental characteristics because they commonly use natural, non-toxic, and zero global warming
potential refrigerants such as water paired with benign solid adsorbents like silica gel or zeolites, avoiding
harmful synthetic refrigerants [9-11]. They can also utilize low-grade thermal energy sources such as
solar or industrial waste heat, reducing electricity consumption and promoting low-carbon cooling
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applications [3, 9, 12]. These characteristics position adsorption chillers as a green alternative for
refrigeration, particularly in energy-efficient and eco-conscious applications [5].

ARCs generally exhibit a lower coefficient of performance (COP) compared to conventional vapor
compression systems, due to inefficiencies in heat and mass transfer during the adsorption-desorption
cycles [6, 8, 12-14]. Additionally, they require a larger adsorbent mass to achieve sufficient cooling
capacity (CC), which increases the system size and material costs, limiting compactness and practical
applications [3, 7, 8, 10, 12, 13]. This can increase material and energy requirements unless optimized
through improved adsorbents or heat-recovery techniques [5, 13]. Adsorption chillers typically achieve
a coefficient of performance (COP) ranging from 0.3 to 0.7 under standard conditions, with performance
enhanced in combined systems or through composite adsorbents that improve heat and mass transfer
rates [2, 9, 12]. Optimum operating conditions include desorption temperatures of 60-90°C, and
adsorption temperatures below 35°C, which maximize CC and COP when utilizing low-grade heat
sources [3, 5, 14-16].

Adsorption chillers provide sustainable refrigeration by utilizing low-grade waste heat and natural
refrigerants, but their performance is limited by inefficiencies in cycle configurations [3-8]. Modified
adsorption refrigeration cycle (ARC) configurations, including heat and mass recovery cycles, pre-
heating/pre-cooling phases, multi-bed or multi-stage arrangements, and combined absorption-adsorption
systems, enhance cooling capacity and COP by reducing sensible heat losses, dead times, and enabling
continuous operation with better regeneration at lower temperatures [1, 2, 5,9, 11, 13, 14, 17-21]. The
six-mode cycle in two-bed silica gel-water adsorption chillers generally outperforms the conventional
four-mode cycle, offering higher cooling capacity, improved COP, and reduced temperature fluctuations
when cycle times are optimally allocated, though gains depend on system configuration and operating
conditions [22, 23]. Optimal cycle times for silica gel-water adsorption systems typically range from 600
to 1600 seconds, depending on system design and operating conditions [22-25]. Cycle time optimization
iscritical [3, 9, 12, 14, 16, 22, 23, 26-29]. The shorter cycles increase specific cooling capacity but reduce
COP due to incomplete processes, while the longer cycles improve COP and stability. Moreover, longer
pre-heating/pre-cooling (switching) times reduce effective cycle duration, lowering COP and cooling
power due to increased sensible heat losses, while minimizing these times through heat recovery or
design improvements extends productive adsorption/desorption phases for greater efficiency [9, 12, 14,
16, 22, 30].

Chilled-water temperature fluctuations of 2-5 °C represent a major drawback in adsorption chillers,
stemming from intermittent adsorption/desorption, bed switching phases, and transient heat/mass
transfer, leading to unstable cooling output, reduced effective COP, and lower user comfort [2, 5, 9, 12,
14, 16, 26, 27, 31]. These fluctuations can be reduced through multi-bed configurations, advanced cycle
designs, improved evaporator/nozzle heat transfer, and optimized adsorption/desorption timing, yielding
up to 15.6% higher cooling capacity [1, 20, 22,23,26,31, 32]. Adjusting chilled water flow rate stabilizes
evaporator outlet temperature (e.g., 7-8 °C), with higher rates enhancing heat transfer for reduced swings
and improved performance, while lower rates may exacerbate fluctuations [1, 33-39].

A significant challenge, identified through the literature review, is the lack of universal optimal
parameters for flow rate and timing, as only system-specific results have been reported thus far. This
research addresses limitations by developing and evaluating a new control strategy for the cooling water
flow within the adsorbent bed of a two-bed adsorption chiller. The primary objective is to reduce
fluctuations in the delivered chilled water temperature during cyclic steady-state operation, thereby
overcoming a major drawback of conventional adsorption cooling devices. The study uses a 900-second
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cycle time and a six-mode operational scheme, unlike the traditional four-mode cycle. The new timing
and mode allocation are integrated with precise modulation of the cooling water flow rate via PID control,
using 3, 9, and 90 discrete steps to approximate the optimal flow profile. The research analyzes and
validates the performance of the proposed advanced scheme by comparing its key metrics to those of the
conventional two-bed silica gel-water cycle and the ideal constant evaporator temperature cycle. This
work strongly aligns with sustainable engineering goals by advancing a low-carbon, waste-heat-driven
cooling technology. The successful stabilization of the chilled water temperature and the simultaneous
performance boost provide a clear pathway to commercial viability. The results will directly guide
practical design and optimization for off-grid and low-grade waste-heat-driven adsorption chiller
applications.

The next section, system description of the two-bed adsorption chiller, details the system configuration
and six-mode cycle time. This is followed by methodology section, which presents the governing
equations for adsorption isotherms and rate, mass balance, energy balances, flow control strategy, PID
control and discrete multi-step flow rate modulation, and simulation procedure. The fourth section,
results and discussion, presents simulation results and analysis, including performance characteristics,
improved COP, and reduced temperature fluctuation. Finally, the conclusions section effectively
summarizes the research’s key findings, synthesizing the insights derived from the study. It also
incorporates implications, limitations, and recommendations for future work.

2. System Description

Figure 1 shows the schematic diagram of a two-bed silica gel-water adsorption cooling cycle. This
cycle includes an evaporator, a condenser, and two sorption beds. Each bed alternates between the
adsorption phase (producing cooling) and the desorption phase (regenerating the adsorbent using heat
input). Valves V1-V4 regulate which bed is active at any given time. During the adsorption-
evaporation process, which occurs at evaporator pressure (Pevap), the refrigerant (water) evaporates at
the evaporation temperature (7evap) and absorbs heat (Qevap) from the chilled water. The resulting
vapor is adsorbed by the silica gel in bed 1, where cooling water removes the heat of adsorption (Qads).
In the parallel desorption-condensation process at condenser pressure (Pcond), bed 2 (the desorber) is
heated to the desorption temperature (7des) by the driving heat source (Odes). The desorbed water
vapor then flows to the condenser, where it is cooled to the condensation temperature (Tcond) by
cooling water, which extracts the heat of condensation (Qcond). Once the pressures in the desorber and
adsorber approach those of the condenser and evaporator, respectively, the valves between bed 2 and
the evaporator, as well as between bed 1 and the condenser, are opened to facilitate refrigerant flow
from the evaporator to the adsorber bed and from the desorber to the condenser.

Figure 2 presents a Clapeyron (P-T-W) diagram for an adsorption chiller, plotting pressure (Pa) on a
logarithmic scale against temperature (°C). The diagram is overlaid with diagonal lines representing
constant refrigerant uptake (isosteric), ranging from 0.01 to 0.15 kg/kg of silica gel. Two thermodynamic
cycles are represented on this grid (Fig. 2) to compare performance: the conventional cycle and the
constant evaporator temperature cycle, which serves as the ideal benchmark (or target) for evaluating
controlled strategies like PID flow modulation. Both cycles trace the four phases of the adsorption
process: isosteric heating, isobaric desorption, isosteric cooling, and isobaric adsorption. The most
significant deviation between the two cycles occurs during the adsorption phase (the bottom segment of
the loop). The conventional cycle shows a distinct dip in pressure as the process moves leftward,
indicating that the evaporator pressure (and consequently temperature) drops significantly during
operation, which reduces the driving force for mass transfer (Fig. 2). In contrast, the target cycle
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maintains a perfectly flat, horizontal path during this phase. This isobaric behavior confirms that the
flow-modulation control can successfully stabilize the evaporator pressure. By eliminating the pressure
drop observed in the conventional cycle, the controlled strategy sustains more favorable adsorption
conditions, which directly enhances the COP and CC [33-36].

The conventional two-bed adsorption cycle is completed using four distinct operational modes (as
detailed in Table 1). These four modes are symmetrically split into two pairs of equal duration. Two
modes (A and C) are designated for active adsorption or desorption processes, while two additional
modes (B and D) are used for pre-heating or pre-cooling the beds (Table 1). The best cycle time for silica
gel-water adsorption chillers depends on operating conditions. The proposed cooling-water flow control
strategy for the adsorber involves six distinct operational modes, which are fully detailed in Table 2.
These modes dictate the cycle timing for the two-bed silica gel-water adsorption chiller, operating with
a total cycle time of 900 seconds. Notably, 900 seconds is often found to be the closest to the optimal
cycle time for maximizing both cooling capacity and efficiency under typical operating conditions [23-
25]. The modes are labeled A, B, C, D, E, and F, with respective durations of 30, 360, 60, 30, 360, and
60 seconds, respectively (Table 2). The unequal distribution ensures that the sorption element has an
ample duration to efficiently lower its temperature from the high desorption level down to the required
adsorption level before the main cooling production phase begins [9, 12, 14, 16, 22, 30]. Specifically,
the pre-cooling phases last for 60 seconds, which is twice the duration of the 30-second pre-heating
phases. This strategy is implemented to enhance adsorption performance, given that adsorption kinetics
in RD silica gel-water systems are inherently slower than their desorption kinetics. The unequal
allocation of time for heat recovery is noteworthy. The pre-cooling phases last for 60 seconds, which is
twice as long as the 30-second duration of the pre-heating phases. This approach is intended to improve
adsorption performance, as the adsorption kinetics in silica gel-water systems are slower than the
desorption kinetics [40, 41].

3. Methodology

The framework is built around the governing equations for adsorption isotherms, adsorption rate, and the
fundamental mass and energy balances for all major components (adsorber, desorber, condenser, and
evaporator). It also details the equations for the key performance metrics. This section will detail the
design of the PID controller and the process for discretizing the cooling water flow strategy, as well as
the convergence criteria for the simulation. The computational efficiency and standard nature of the
simulation are maintained through common assumptions, such as neglecting the gas-phase refrigerant
volume and using lumped-parameter models.

3.1 Adsorption Isotherms
In this study, the modified Freundlich model, known as the Saha-Boelman-Kashiwagi (SBK) equation,
is used to evaluate the adsorption isotherms of the RD silica gel-water pair. The equation can be written

as [42]:
) P (Tw) B(7y)
o]

Where W denotes the adsorption uptake (kg/kg of silica gel) at equilibrium conditions. Py(7) represents
the saturation vapor pressure at the water vapor temperature, 7, while Py(7y) corresponds to the
saturation vapor pressure at the adsorbent (silica gel) temperature, 7s. The adjustable parameter A(7s) and
B(Ty) are defined as [42]:

A(Tr ) = AO + AITY + AZTVZ + A3TT3

(M

2
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B(T.)=B,+ BT, +B,T* +B,T’ 3)

The numerical values of coefficients Ap- A3 and By - B3 were determined via a least-squares fit to the
experimental data for the silica gel-water pair and are listed in Table 3 [42].

3.2 Adsorption Rate
As the adsorption process in the adsorbent bed is considered to be controlled by macroscopic diffusion
into the particle bed, the adsorption rate can be expressed linearly as [43, 44]:

dw 15D

L = (W —w)
dt R,
Where 15D,/ R% denotes the overall mass transfer coefficient. Here, R, is the adsorbent particle radius.
The surface diffusivity in the adsorption rate model, Dy, can be expressed as:

E
D, =D, exp — 5
s SO p(RT] ( )

In this equation, R is the universal gas constant (8.314 J/mol-K) and T is adsorbent temperature. The
required numerical parameters for the silica gel-water system are defined as follows: the pre-exponential

term (Dso) is 2.54x10* m?/s, and the activation energy for surface diffusion (Ea) is 42 kJ/mol,
respectively [43, 44].

“)

The mass balance of refrigerant is written by neglecting the gas phase as:
am d d
w + MY Wads + Wdes — 0 (6)
dt U dt dt
Where M,, is the mass of the water in the liquid phase, and M, is the mass of the adsorbent (silica gel)

packed in each of the two identical adsorbent beds. The subscripts ads and des denote the adsorption
and desorption processes, respectively.

3.3 Energy Balance

To simplify the energy and heat balance equations for the adsorption system, a lumped model approach
is used (45, 33). This approach assumes that the adsorbent, adsorbate, and heat exchanger metal are all
at the same uniform temperature at any given time. Additionally, the mass of refrigerant vapor and heat
losses to the ambient are considered negligible. Under these assumptions, the adsorber and desorber
energy balances can be described by [33, 45]:

dT, .
[otc, )., + 1.9, ¢, =22t =, (diqu, +lic, ), (BT + (= DT, =T ) )

dt

The coefficients o and S are operational switches, a is set to O during the switching time and 1 during
the active adsorption or desorption phases, while £ is 0 during pre-cooling and adsorption, and 1 during
pre-heating and desorption. The bed is identified by the subscript i. The terms in Eq. (7) represent the
energy balance of the bed system (metal, adsorbent, and adsorbed refrigerant). The term on the left-hand
side of Eq. (7) represents the change in internal energy of the bed. The first term on the right-hand side
of Eq. (7) accounts for the heat involved in adsorption or desorption. The second term reflects the total
heat exchanged with the cooling or hot water, along with the heat required to superheat the incoming
refrigerant vapor from the evaporator.

The outlet water temperature from the adsorbent bed can be expressed as [33, 45]:
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TOw,bed = T;’,bed + ((ﬁTHw + (1 - ﬂ)TCw)_ T;’,bed )exp[%} (8)

(mcp ) w,bed

The following equation can be used for the energy balance in the condenser [33, 45]:

(Mcp )Co,,d M = OCMS [%]hﬁg + a(mcp )W,Co,,d (TCW - TOw,cond ) + cp—phaseTcondMs dwads

9
dt dt dt ©

The term on the left-hand side describes the sensible heat required for the condenser metal mass. The
right-hand side of the equation consists of three terms: the heat generated by the desorbed refrigerant,
the total heat released to the cooling fluid, and the heat removed by the liquid condensate as it exits the
evaporator.

The outlet water temperature from the condenser can be expressed by [33, 45]:

w,cond = Tcond + (Tw,m - Tcond )exp[%jl (10)

TO .
(mcp ) w,cond

The evaporator energy balance equation is given by [33, 45]:

dr., aw, . _ AW,
(Mcp )evap dt "= _Ms( dtd jhfg + (mcp )C]“'” (T;‘hill,in - ]—'chill,o )+ Cp—phase]—'condMs dtd (1 1)
The left-hand side term describes the sensible heat required by both the liquid refrigerant and the metal
mass within the evaporator. The right-hand side of the equation indicates three distinct terms: the heat
necessary for the evaporation of the adsorbed refrigerant, the total heat supplied by the chilling water,
and the sensible heat used to cool the incoming condensate. The chilled water outlet temperature, 7o,

is given by [33, 45]:
(_ UA)evap }

Tch[ll,o = Tevap + (Tch[ll,[n - Tevap )eXp .
(mc » ) chil

(12)

During cyclic steady-state operation, the evaporator temperature remains constant. This means that the
term on the left side of Eq. (11), which represents the rate of sensible heat change (dTevap / dt), is zero.
Consequently, rearranging Eq. (11) yields the following [33, 45]:

AW,y _ (mcp )Ch,-” (Tchill,in =T ine ) (13
dt MS (hg - Cp—phase]—'cand )

T,yqp=const

3.4 System Performance
The performance of the two-stage adsorption cycle is primarily evaluated by calculating three key
metrics: cooling capacity, specific cooling capacity, and the coefficient of performance [33, 45].

epele
(m Cp )Chill J- (Tchill,in - TL’hill,(} )dt
Cooling capacity (CC) = 0 (14)
t
cycle
For the constant delivered chilled water temperature, the CC does not vary with time and can be expressed
as:
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0t = (0nC, ),y T = T (15)
The specific cooling capacity (SCC), which is the cooling capacity per kilogram of silica gel, can be
expressed as

Q cycle
chill
s

The coefticient of performance (COP) can be described as:

COP = t(mcp )chill (]-;hi//,in - Tchi/l,o )tcycle (17)

cycle

j (nth )W,bed (T Hw ™~ T, Ow,bed )dt

0

SCC = (16)

3.5 Flow Control Strategy

The proposed cycle utilizes six distinct operational modes per sorption element (Table 2), representing

an expansion from the four modes employed in the conventional system (Table 1). The specific control

strategy for the cooling water flow rate is implemented through the following three-step procedure:

1. Calculate the required adsorption rate: Determine the adsorption rate necessary to maintain a constant
evaporator temperature using Eq. (11). The equation assumes a constant chilled water temperature

throughout the cycle (dTevap /dt = 0).

2. Estimate bed temperature: Use an iterative method to estimate the bed temperature that makes the left-
hand side of Eq. (4) equal to the left-hand side of Eq. (13):

dWads/dt = (dwads/dt)Tevapzconst

3. Determine cooling water flow rate: Substitute the bed temperature calculated in step 2 into equations
(7) and (8) to determine the necessary cooling water flow rate. This calculated flow rate will ensure
that the evaporator temperature remains consistent.

3.6 PID Control and Discrete Multi-Step Flow Rate Modulation

The proposed control strategy integrates a proportional-integral-derivative (PID) controller with a
discrete n-step approximation to dynamically modulate the cooling water flow rate mc,, in the adsorber
bed. This method aims to maintain a constant evaporator temperature (7evap) at the target set point of
Tevap,const = 8.7°C, which stabilizes the chilled water outlet temperature (Zchill,0) and reduces
fluctuations during the adsorption phase. The PID controller is implemented as an external feedback
mechanism in the simulation using MATLAB, mimicking a real-world setup. It adjusts a variable-speed
pump or proportional valve that controls the flow of cooling water to the adsorber. Unlike fixed-flow
strategies used in conventional cycles, this active control system responds dynamically to changes in the
system.

The PID controller operates as a closed-loop system, monitoring Tevap, with the error defined as e(t) =
Tevap,const — Tevap,actuar- This indirectly stabilizes Tchill,o, which is calculated from the evaporator

energy balance (Eq. 12) and is closely tied to Tevap under steady-state assumptions. The cooling water
mass flow rate to the adsorber m,,, which is adjusted to minimize the error e(¢). The standard equation
for the PID output u(?) is:
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de(t)
" (18)

Where K, Ki, and Ky are the proportional, integral, and derivative gains, respectively.

u(t) = Kpe(t) + K; [, e(t) dt + K,

To approximate the continuous PID signal, the strategy discretizes the flow rate into » uniform levels
(n=3, 9, or 90), ranging from a minimum flow rate (771¢,, min) at the start of adsorption (when heat release
is high) to a maximum (7, mqay) at the end (when heat release diminishes). This choice of n values
spans coarse (n=3) for simplicity, intermediate (n=9) for optimal balance, and fine (#=90) for near-
continuous approximation to enable systematic evaluation of stability, efficiency, and practicality against
the ideal flow profile. The discretization converts the continuous PID output to the nearest discrete step
as follows:

e The PID computes a continuous target flow rate based on the error e(?).
e This target is rounded to the nearest discrete level defined by an arithmetic progression of flow
increments.

The required cooling water flow rate for discrete steps n during the half-cycle time can be calculated
using:
n;le(n):n;lemin +(n_1)Ama (19)

The incremental increase in the cooling water flow rate ( Ami.,, ) for each step is given by:

Amcw — mama;(/l:ll/nCwmin (20)

The terms my,, .. and m,, . are predetermined boundaries based on the ideal flow profile. The PID

does not directly control the duration of each step, instead, it sets a target flow that is snapped to the
nearest discrete level, m,, (n), at each simulation time step.

3.7 Simulation Procedure

The simultaneous solutions of the mathematical models, which were described above, were carried out
using the MATLAB computer package. This approach allowed for the efficient handling of the transient,
coupled heat and mass transfer processes in the two-bed silica gel-water adsorption chiller. Custom scripts
incorporated operational switches (o and £) to toggle between adsorption/desorption phases and pre-heating/pre-
cooling modes over a typical 900-second cycle. Throughout this process, the parameters of all ordinary
differential equations (Egs. 1 to 16) were dynamically updated according to the specific operation mode.
A tight solution tolerance 1x10° was applied to all parameters. The program continued to simulate the
cyclic operation until it reached the cyclic steady-state condition. This convergence was successfully
confirmed when two criteria were met simultaneously:

1. The absolute difference between the instantaneous coefficient of performance (COP) and the COP of
the previous time step did not exceed 5x10.

2. The temperature of each bed changed by less than 0.01°C compared to its value at the previous cycle
time.

4. Results and Discussion

Figure 3 presents the variation of cooling-water mass flow rate (kg/s) over a complete
adsorption/desorption cycle lasting 900 seconds. It compares the ideal flow profiles required to maintain
constant evaporator temperatures of 8.7 °C, with the actual flow delivered by a PID controller
implemented in discrete steps. The ideal curve is smooth and S-shaped, while the PID-controlled (3-step
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and 9-step) flows appear as staircase patterns. To achieve a perfectly constant chilled-water outlet
temperature, cooling-water flow must vary significantly and continuously throughout the cycle. The finer
9-step (n=9) PID control closely tracks the ideal profile, whereas the coarse 3-step (#n=3) version shows
noticeable deviations (Fig. 3). Both discrete-step implementations demonstrate that simple multi-stage
valve control can effectively approximate the continuous flow variation needed to stabilize evaporator
temperature. At the start of the adsorption phase, the adsorption rate is high, so only a very low cooling-
water flow rate is needed to remove the released heat of adsorption. Toward the end of the adsorption
phase, the adsorption rate decreases significantly, generating much less heat. Consequently, the cooling
water flow rate must be significantly increased to maintain the desired evaporator temperature, as shown
in Fig. 3.

Figure 4 presents the evaporator (chilled-water outlet) temperature profile over one complete
adsorption/desorption cycle for three operating strategies using cooling-water flow-rate control,
compared with the conventional fixed-flow cycle. The ideal constant-temperature cycle keeps the
evaporator temperature constant at the target of 8.7 °C, represented as a horizontal line in Fig. 4. In the
conventional cycle, the temperature fluctuates strongly between approximately 8 °C and 11.7 °C, with
large peaks and valleys synchronized with bed switching. The coarse PID control with 3 steps (n=3)
substantially reduces these swings but still exhibits ripples of about =1 °C around the target. The 9-step
control (n=9) performs significantly better, staying much closer to 8.7 °C with only minor deviations, as
shown in Fig. 4. The finest 90-step control (#=90) almost perfectly follows the ideal constant-temperature
profile. This demonstrates that very fine or near-continuous flow-rate adjustment can virtually eliminate
temperature fluctuations and deliver highly stable chilled-water output.

The coefficient of performance (COP) of an adsorption chiller as a function of the adsorber (hot-water)
temperature, ranging from 65 °C to 85 °C, is illustrated in Fig. 5. The graph compares five different
operating methods, which include the theoretical target cycle, the conventional cycle, and three strategies
that employ PID control for flow modulation, specifically using 3, 9, and 90 discrete steps. All COP
values range between approximately 0.38 and 0.48, illustrating the efficiencies achievable at these
specific hot-water temperatures. The target cycle consistently yields the highest COP across the entire
temperature range, showing a steep initial increase in performance at lower temperatures (Fig. 5). In stark
contrast, the conventional cycle delivers the lowest COP, remaining nearly flat and significantly below
the ideal maximum. The integration of a six-mode cycle with discrete-step PID flow control demonstrates
a marked improvement over the conventional fixed-flow system. The efficiency gain is directly linked
to the precision of the modulation. The 90-step control strategy compensates for most of the performance
loss, resulting in a performance curve that nearly matches the target cycle above 80 °C (Fig. 5). This
evidence confirms that employing finer (near-continuous) modulation of the cooling water flow
effectively brings the chiller’s operating performance very close to its theoretical maximum.

Figure 6 illustrates the relationship between the cooling capacity, CC and the adsorber temperature for
an adsorption chiller. Five operational strategies are presented for comparison. These include the target
cycle, the conventional cycle, and three PID control strategies for modulating the cooling-water flow in
discrete steps: a coarse 3-step strategy, a 9-step strategy, and a very fine 90-step strategy. The graph
illustrates that capacity consistently increases as the adsorber temperature rises throughout all cycles.
The target cycle establishes the upper performance limit, showing a linear increase in CC from
approximately 7.7 kW at 65 °C to nearly 15 kW at 85 °C. The conventional cycle consistently produces
the lowest capacity, falling about 1-2 kW short of the ideal benchmark across the measured temperature
range (Fig. 6). All PID-controlled strategies achieve a significant improvement in capacity relative to the
conventional cycle. The effectiveness of the control is directly proportional to the number of steps
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utilized: the 3-step (n=3) version provides a noticeable performance gain, the 9-step (n=9) version
operates much closer to the ideal curve, and the 90-step (#=90) control essentially recovers almost all
lost capacity, becoming virtually superimposed on the target cycle curve. This observation confirms that
fine, near-continuous flow modulation is a highly effective method for maximizing the operational CC
of these chillers, bringing performance close to the theoretical maximum (Fig. 6).

Table 4 compares the PID-controlled discrete-step schemes with the conventional adsorption cycle using
two criteria: chilled-water temperature stability (peak-to-peak and standard deviation, SD) and maximum
performance (coefficient of performance, COP, and cooling capacity, CC). The 9-step PID control (#=9)
strategy exhibits the lowest peak-to-peak fluctuation of 0.9°C among the controlled cycles, signifying
the most stable chilled-water temperature output. The results underscore the advantages of PID control
strategies in enhancing both temperature stability and overall system performance. The conventional
cycle exhibits the highest standard deviation (1.34°C), indicating its significant temperature instability,
with a baseline COP 0f 0.451 and a CC of 13.94 kW (Table 4). In contrast, the 9-step PID control strategy
attains the lowest standard deviation (0.30°C), ensuring the most consistent chilled-water outlet
temperature near the target value throughout the cycle. It also improves COP to 0.476 (a 5.6% gain) and
CC to 14.62 kW (a 4.9% increase) over the conventional baseline (Table 4). Further refinement with PID
(n=90) yields even higher performance, with a COP of 0.478 (6.0% improvement) and CC of 14.74 kW
(5.7% boost). It exhibits slightly higher fluctuation (1.2°C peak-to-peak) than 9-step strategy, suggesting
a trade-off where finer steps increase efficiency but may not always minimize swings as effectively as
intermediate discretization (Table 4).

For practical applications in adsorption chillers, 9 steps are usually sufficient instead of 90 steps. The
marginal improvements in COP (from 0.476 to 0.478, or ~0.4% relative gain) and CC (from 14.62 kW
to 14.74 kW, or ~0.8% relative gain) do not justify the added complexity of finer control steps, especially
since n=90 results in higher peak-to-peak fluctuations (1.2 °C vs. 0.9 °C). The 9-step strategy already
achieves excellent temperature stability (lowest SD 0.30°C) and substantial performance uplift over the
conventional baseline. This prioritizes user comfort and system reliability without requiring near-
continuous modulation that could demand more sophisticated valves, sensors, or computational
resources. If maximum efficiency is crucial in high-demand commercial settings, and minor fluctuations
are acceptable, using 90 step may be beneficial, otherwise, 9 steps provides the best balance of stability
and performance improvements. The discrepancy where near-continuous modulation (#=90) yields
higher evaporator temperature swings (1.2°C peak-to-peak) than 9 steps (0.9°C) can be justified as
follows. In the PID controller, the output u() is adjusted based on the instantaneous error e(f) and then
discretized into n steps for the cooling water flow rate (Egs. 18-20). In this highly transient, lumped-
parameter adsorption model, fine discretization (n=90) enables highly accurate and frequent flow
adjustments [46]. However, small unavoidable numerical noise, simulation artifacts, or minor phase lags
in heat/mass transfer equations (e.g., Eqgs. 4-7) can amplify these rapid changes, translating into slight
oscillations [46]. Conversely, the coarser n=9 scheme offers a "buffer" with fewer, more robust steps,
inherently damping high-frequency fluctuations. This leads to a smoother overall temperature profile,
even though the flow appears as a coarser staircase approximation (as illustrated in Fig. 3) compared to
the nearly continuous profile for the case with n=90. Adjusting the PID gains, such as lowering (Ku) (see
Eq. 18), for high values of n could help alleviate this issue. However, this situation emphasizes the
sensitivity of control in such nonlinear systems [46].

PAGE NO: 289



KRONIKA JOURNAL(ISSN NO-0023:4923) VOLUME 25 ISSUE 12 2025

Figure 7 shows the instantaneous refrigerant mass flow rate, ranging from approximately 0.04 to 0.10
kg/s, within two adsorbent beds over a complete 900-second cycle. The graph compares two distinct
operating modes, the conventional cycle and a controlled 9-step strategy. The cycle demonstrates the
alternating nature of the system, as the mass in Bed 1 increases (adsorption), the mass in Bed 2 decreases
(desorption/regeneration), and vice versa. A distinct difference in the rate of mass change is visible
between the two strategies. In the conventional cycle, the curves exhibit steep slopes at the beginning of
each phase, indicating that refrigerant is adsorbed or desorbed very rapidly initially, but the rate decays
significantly as the phase progresses (Fig. 7). This curvature implies a pulsating flow rate that is uneven
over time. Conversely, the 9-step strategy (n=9) produces much more linear mass profiles (Fig. 7). The
refrigerant uptake and release occur at a nearly constant rate, creating "mirror image" behavior between
the two beds. This linearity in mass change indicates a smooth, continuous flow of refrigerant, which
validates the claim that flow modulation stabilizes the process, reducing fluctuations and improving the
average cooling capacity (CC) compared to the conventional fixed-flow approach.

The present proposed six-mode cycle with discrete multi-step PID flow control for the adsorber cooling
water surpasses prior methods (e.g., multi-bed configurations, cycle time optimization, and chilled
water flow adjustments) in several key ways:

e Superior temperature stability: Prior methods typically reduce chilled water fluctuations to 2-5°C
(e.g., via multi-bed setups [20], or flow rate adjustments [33, 34]). The proposed approach
achieves 0.9°C peak-to-peak (standard deviation 0.30°C) for n=9 steps, nearing ideal constant
output (8.7°C target) without multi-bed complexity. This improves user comfort and integration
in specialized applications, such as air conditioning.

e Enhanced efficiency and capacity: It improves COP by up to 6% (to 0.478) and CC by 5.7% (to
14.74 kW) over conventional four-mode baselines, outperforming the gains of prior methods
(e.g., up to 15.6% CC increase in multi-bed systems [1], but with higher fluctuations). Smoother
refrigerant flow (0.05-0.10 kg/s, linear mass profiles) minimizes thermal imbalances, unlike the
pulsating flows in conventional or less integrated priors.

e Practicality and integration: Unlike system-specific optimizations in priors (e.g. absorption
analysis [35] or improved two-bed design [36]), the asymmetric six-mode (doubled pre-cooling
time) combined with discrete PID (n=9 optimal) provides a universal, balanced strategy. It
simplifies the complexity of continuous modulation (e.g., #=90’s marginal gains but higher
fluctuations) while addressing the lack of unified flow-timing parameters in previous models,
making it more feasible for sustainable, waste-heat-driven cooling.

5. Conclusion

Adsorption cooling is vital for sustainable technology, however, its widespread use is greatly hindered
by a significant technological challenge: considerable temperature fluctuations in the chilled water
produced. This thermal instability undermines user comfort and limits its applicability in precise
industrial and commercial settings. This research focused on addressing the fundamental instability issue
in two-bed adsorption chillers. The main objective was twofold. First, to develop and simulate a new
operational strategy aimed at improving the thermodynamic stability of the chiller. Second, to
demonstrate how effective this new strategy is in minimizing fluctuations in the chilled water outlet
temperature around the desired set point of 8.7°C, thereby achieving performance stability comparable
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to that of traditional cooling systems. The ultimate goal was to prove that active flow modulation, rather
than passive fixed-flow operation, is the key to cyclic steady-state optimization. The key contribution of
this study is the creation of an operational scheme that combines an expanded six-mode cycle time of
900 seconds with accurate proportional-integral-derivative (PID) control of the cooling water flow rate
in the adsorber bed. While conventional cycles use only four modes, the proposed six-mode allocation
enhances heat recovery time, particularly doubling the duration of pre-cooling. This new timing is
integrated with the PID controller, which uses 3, 9, and 90 discrete steps to approximate the optimal,
continuously varying flow profile. This controlled, variable flow method significantly advances the
fixed-flow, on/off controls typically used.

The numerical results unequivocally demonstrate the superior performance and stability of the proposed
scheme. The conventional cycle exhibited a large peak-to-peak temperature fluctuation of 3.5°C and a
high standard deviation, confirming its instability. In sharp contrast, the PID-controlled cycles drastically
reduced this instability. The research identified the 9 discrete step strategy as the optimal compromise
for operation, achieving the lowest temperature instability with a peak-to-peak fluctuation of just 0.9°C
and the lowest standard deviation (0.30°C), thereby keeping the average temperature closest to the 8.7°C
set point. Furthermore, the n=9 strategy significantly boosted energy performance, yielding an
improvement in the COP by 5.5% to 0.476 and an increase in CC by 4.9% to 14.62 kW over the
conventional cycle baseline, with smoother refrigerant flow (0.05-0.10 kg/s) minimizing thermal
imbalances. Finer n=90 steps yielded marginal further gains (COP 0.478, +6.0%, CC 14.74 kW, +5.7%)
but slightly higher fluctuations (1.2°C), highlighting a trade-off. While n=90 offers slightly higher gains
(COP 0.478, +6.0%, CC 14.74 kW, +5.7%), its increased fluctuations (1.2°C) indicate a trade-off where
finer discretization enhances efficiency but may sacrifice stability compared to intermediate steps. The
n=9 strategy is demonstrably superior, achieving excellent temperature stability and substantial
performance uplift over the conventional baseline. It is the preferred choice as it represents the optimal
balance between stability and cost. It minimizes temperature fluctuations, thereby prioritizing user
comfort and system reliability, without demanding the highly complex, near-continuous flow modulation
(n=90) that would require significantly more sophisticated valves, sensors, and computational overhead.
The assumption that the PID controller was perfectly tuned in the simulation environment should be
recognized. However, in a real physical system, obtaining the optimal PID gain parameters can be
complex and time-consuming. Additionally, these parameters would need to be continually adjusted to
account for changing ambient conditions.

The successful implementation of this six-mode, PID-controlled cooling water flow strategy carries
profound implications. First, it provides a clear design and operational guideline (the n=9 step approach)
for future two-bed adsorption chiller manufacturers seeking to optimize thermal stability. Second, the
drastic reduction in temperature fluctuation proves that adsorption chillers can reliably deliver cooling
water at a near-constant temperature, directly addressing the major drawback that has limited their
commercial viability. Future research should focus on hardware implementation and experimental
validation of this n=9 strategy and on extending this multi-step PID approach to other cycle parameters,
such as heating water flow, to further maximize overall system performance and drive the adsorption
cooling industry toward higher efficiency and wider adoption.

A key limitation of this numerical modeling is the use of lumped-parameter assumptions, which may
overlook real-world discrepancies. Specifically, unmodeled factors such as valve delays, fouling, and
ambient heat losses could lead to an overestimation of system stability. Additionally, the reliance on
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idealized PID tuning may fail to account for hardware noise or actuator dynamics, potentially risking
instability in transient systems and resulting in inflated performance gains compared to a physical
prototype. Future work should focus on experimental validation involving a lab-scale two-bed silica gel-
water prototype with variable-speed controls, comparing experimental data against simulations.
Furthermore, integrating advanced computational fluid dynamics (CFD) could refine the model, ensuring
the strategy’s robustness for sustainable cooling commercialization.
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Table 1 Time operation of the four-mode conventional cycle.

Mode A B C D

Time 420 s 30s 420's 30s

Bed 1 Adsorption Pre heating Desorption Pre cooling

Bed 2 Desorption Pre cooling Adsorption Pre heating

Table 2 Time operation of the six-mode cycle.

Mode A B C D E F
Time 30s 360 s 60 s 30s 360 s 60 s
Bed 1 | Preheating | Desorption | Pre cooling Adsorption
Bed 2 Adsorption Preheating | Desorption | Precooling

Table 3 Values of the parameters adopted in Egs. (2) and (3).

Ao A A> A3
-6.5314 0.072452 -0.23951x10° | 0.25493x1073
Bo B B> B3
-15.587 0.15915 -0.50612x1073 0.5329x10¢
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Cooling g LUULLLLLLLLLLLL watar In
wator out - r - 91—

‘Waterout

Evapomator
Chillod chillad
watar nit waterin

Fig. 1 Schematic diagram of two-bed adsorption chiller.
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Fig. 2 P-T-W diagram compares the target cycle (constant evaporator temperature cycle) and the
conventional cycle
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Fig. 3 Cooling water flow profiles for the discrete steps 3 and 9, compared with the target cycle.
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Fig. 4 Evaporator outlet temperature profiles for different cooling water flow schemes compared with
the conventional cycle.
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Fig. 5 Coefficient of Performance (COP) for different cooling water flow schemes compared with the
conventional cycle.

PAGE NO: 299



KRONIKA JOURNAL(ISSN NO-0023:4923) VOLUME 25 ISSUE 12 2025

15
14 |
13 |
512 !
21|
[
3
SRUNE
R
% 9 ——Conventional
S g — -PID (n=3)
----PID (n=9)
T e PID (n=90)
6 n L " il L "
65 70 75 80 85

Adsorber Temperature (°C)

Fig. 6 Cooling capacity (CC) for different cooling water flow schemes compared with the conventional
cycle.

Table 4 Comparison between the conventional cycle and different discrete-step schemes.

Scheme Fluctuation (T°C) Maximum Performance
Peak-to-Peak SD COP CC (kW)
Conventional cycle 3.5 1.34 0.451 13.94
PID (n=3) 1.5 0.54 0.469 14.18
PID (n=9) 0.9 0.30 0.476 14.62
PID (n=90) 1.2 0.43 0.478 14.74
0.11
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Fig. 7 Adsorbate mass variation in beds for the PID control of 9 steps compared with the conventional
cycle.
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