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Abstract

Adsorption heat pumps (AHPs) convert low-grade thermal energy into cooling or heating, but their performance depends
on coupled heat and mass transfer in the adsorber. Predictive yet hardware-agnostic models are needed to guide design and
operation across different geometries and operating schedules. Here, we apply a dimensionless adsorber framework
previously developed by the authors that captures both inter-component and intra-particle transport effects while remaining
suitable for cycle-level performance metrics. Intra-particle transport in the adsorber module is treated analytically and
embedded in the system balances via a causal convolution kernel. Using the silica gel-water working pair, we (i) compare
equilibrium and diffusion-based mass-transfer closures, (ii) map dimensionless time against the governing dimensionless
groups, and (iii) propagate the resulting dynamics to cycle-level metrics (specific heating/cooling power and coefficient of
performance, COP) through the effective uptake swing, Aqer, and the cycle time, Teyc. Results show that equilibrium
models overpredict specific power when the mass-transfer Biot number and adsorption Damkoéhler number are small; in
contrast, the convolution-kernel closure captures film-limited early-time behavior and diffusive late-time tails. The cycle-
level model also indicates that, in the ideal loss-free limit, COP is only weakly sensitive to kinetics, whereas practical COP
reductions correlate with the heat-release number and the heat-capacity ratio.
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1. Introduction and motivation

Adsorption heat pumps (AHPs) upgrade low-grade thermal energy (e.g., waste heat or solar heat) into useful
cooling and heating by cycling solid—vapor working pairs. This makes them attractive for flexible refrigerant
selection and demand-side decarbonization in thermal systems[1,2]. Their performance is governed by tightly
coupled, multiscale transport: vapor exchange among components, heat transfer between the heat-transfer fluid
and the adsorbent bed, and mass transport within porous particles[3,4]. These coupled processes shape the
transient response during adsorption and desorption, and ultimately determine the system-level figures of merit
relevant to design and operation—specific cooling/heating power (SCP/SHP) and coefficient of performance
(COP) [5,6].

Modelling approaches for AHP adsorbers typically span two extremes. At one end, equilibrium (or quasi-
equilibrium) models assume instantaneous solid—vapor equilibration. These models are computationally
efficient and convenient for preliminary sizing and parametric screening, but they inherently suppress finite-
rate effects such as film-limited early response and diffusion-induced tails. As a result, they can substantially
overpredict SCP/SHP and misestimate cycle times, particularly when external mass-transfer resistance is non-
negligible or intraparticle diffusion is slow compared with the bed’s convective time scale [7,8]. At the other
end, diffusion-aware models explicitly resolve film and intraparticle resistances and can reproduce rate
limitations more accurately; however, they often depend on design-specific and operating-condition-specific
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details (geometry, coating thickness, porosity, thermal contacts, valve timing, and heat-transfer flow schedules)
[9,10]. This dependence introduces many case-specific parameters and boundary conditions, reducing
portability across designs and complicating cross-comparison, optimization, and control-oriented use [4,5,11].
In practice, adapting such high-fidelity models to a new configuration frequently requires re-identifying mass-
transfer and thermal/vapor resistance parameters, re-meshing, re-tuning numeric, and often additional
experiments—substantially increasing modelling time and cost [12,13].

These considerations motivate two practical needs: (i) a portable system model that retains the essential
kinetics (film and intraparticle diffusion) without being locked to a particular hardware realization, and (ii) a
mathematically consistent mapping from transient adsorber dynamics to cycle-level performance which means
a transparent route from the loading history to the realized finite-time uptake swing, Aqegr, the cycle time Ty,
and consequently SCP, SHP, and COP.

To address these needs, this paper makes three contributions:

e Design-agnostic, dimensionless adsorber model with diffusion physics: We develop a portable
formulation that embeds an operator-based intraparticle diffusion closure, enabling the model to
capture film-influenced early dynamics and diffusion tails while remaining transferable across
designs and operating conditions.

e Formal projection from transients to cycle metrics: We provide a consistent projection from transient
uptake dynamics to Aqefr and Tiye , and from these to cycle-level performance metrics
(SCP/SHP/COP), supplying a justified link that equilibrium-only approaches cannot establish.

e Equilibrium-admissibility and power-bias maps: We introduce power-bias maps 8 on the Biot—
Damkohler plane across multiple dimensionless cycle times Oy(with other dimensionless groups
held fixed per comparison). These maps delineate regions where equilibrium closures are admissible
and provide actionable design—operation guidance.

Using a representative silica gel-water AHP, we first compare equilibrium and diffusion closures at the
system level to identify when equilibrium predictions remain acceptable and when they fail. We then construct
utilization maps based on 7, = Aqefr/Aqeq to quantify kinetic shortfall as a function of stroke time, and
propagate Aqeg and Ty to generate power maps (SCP/SHP). This framework therefore makes explicit how
transient transport limitations translate into cycle performance, while also quantifying equilibrium-induced
power overestimation where applicable.

The remainder of the paper is organized as follows. Section 2 presents the governing balances, the
kernel/operator-based intraparticle closure, and the dimensionless groups. Section 3 derives the mapping from
transient uptake to Aqefr, Teyc, and cycle-level metrics (SCP, SHP, COP). Section 4 describes the numerical
method and study design. Section 5 reports results including equilibrium versus diffusion comparisons, power-
bias maps, and trends with design and operation insights. Section 6 concludes with practical guidance and key
findings.

2. Dimensionless adsorber model and closures

The formulation of a heat and mass transfers for a single adsorber module is expressed in a small set of
compact, dimensionless groups that cleanly separate design (hardware and morphology) from operation (flow,
temperatures, scheduling). This separation makes the method portable across hardware while enabling fair,
like-for-like comparisons. Given an operating schedule of the heat pump cycle (inlet temperature/flow, valve
timing), the model provides the transient response and the corresponding adsorbent material surface-
equilibrium history; from these we obtain the finite-time uptake swing. We then project transients to cycle
level by introducing a nondimensional cycle time. Cycle metrics (SCP, SHP, COP) follow directly from the
uptake swing and cycle time, allowing us to assess design vs operation choices and to compare equilibrium
and diffusion closures via bias maps over the Biot—-Damkdhler plane at several dimensionless cycle times.

2.1. Adsorber module model and assumptions

A single adsorber module comprising a convective fluid channel, a wet-adsorber domain (heat exchanger
body + adsorbent + adsorbate under local thermal equilibrium), and a vapor plenum is modelled and introduced
in [14,15], as illustrated in Figure 1. Flow is 1-D axial in the fluid; axial solid conduction and radiation are
neglected. Inter-component vapor paths (valves and lines) are represented by a lumped conductance. The
surface uptake qeq(t) follows the chosen equilibrium isotherm evaluated at the particle surface state.
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Figure 1. Adsorber module schematic used in this study. (a) Heat-exchanger channel differential element: bulk fluid exchanges heat with
the solid matrix through an overall thermal conductance; axial convection is dominant. (b) Dry-adsorber differential element: heat-
exchanger wall plus porous solid (no adsorbate), used to define effective thermal capacities and overall conductance. (c¢) Wet-adsorber
domain: heat-exchanger body, porous adsorbent, and adsorbate connected to the vapor circuit via a lumped conductance; film transfer at
the particle surface and intraparticle diffusion are shown qualitatively.

2.2. Heat/mass-transfer closures and diffusion-kernel operator

In the coating/packed beds intraparticle transport is Fickian with a finite-film boundary. Eq. (1) is the bed-
average uptake as a causal convolution:

q(t) = f h(t = T; Biny) qoq () d (1)
0

Eq. (1) retains film-affected early response and diffusion-controlled tails with a short eigenmode series in
the kernel h [16,17]. The mass-transfer Biot number, Biy, = kf¥/D,, compares the external (film) mass-
transfer resistance to the internal (intraparticle) diffusion resistance [18].

Fluid—solid heat exchange is captured by overall UA, reported via number of transfer unit (NTU). Vapor
plumbing is summarized by a vapor conductance number A,(net line/valve conductance scaled by vapor
capacitance). Time-proportional and sensible loads are aggregated in a heat-release number Iy (step-released
heat vs available thermal buffer).

2.3. Non-dimensional groups and governing equations

With axial length L, convective time T, = L/u, and diffusive time 4, = 2/D,, we define Da, = 1./1y4,
Bi,, = ks ¢/D, ,NTU = UA/m c, . Design-fixed quantities (¢,D,,UA,A,)are separated from operation-
tunable ones. Let (-)* denote dimensionless variables and y,, @y, x, the usual capacity/heat-coupling
factors arising from the scaling by the fluid thermal throughput and the module capacities as in Eq. (2):

Yo = m Cp Tc ® _ AHiso Mags qref Yo ~ R Tref Mags Qref (2)

a Cw ' f Cs,eff ATTef ' v Cv Apref

where C,, = (psCs)efr Vs is the wet-adsorber thermal capacity, C, is the vapor capacitance [19], and AT,
Aprer, Qrer are the temperature, pressure, and uptake scales used for non-depersonalization (typically the
imposed stroke spans and qrer = Ageq). Thus y, measures fluid thermal throughput over a convective time
relative to the solid’s heat buffer, ®; weights adsorption heat release against that buffer, and y, measures
the vapor—uptake coupling relative to vapor capacitance (ideal-gas form shown). The 1-D balances are as Egs.

3) -G
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The system of governing equations is closed by the dimensionless uptake operator in Eq.(6):
.
q(t") = f h*(t* — 7; Biy, Dag) qoq(7) dt (6)
0

Egs. (3)-(6) are design and operation agnostic where geometry and morphology enter only via
Bi,,, Da,, NTU, A,, Yq- Typical initial condition for the above-mentioned system of equations are Tf* (x,0) =
Tf o, Tw(x,0) =Ty 0, 0" (x,0) = pg, q"(0) = qo. Adsorption/desorption steps are imposed to the solver by
time-dependent inlet temperature/flow and vapor conductance; the surface isotherm provides geq(t*) from

(" ("), Tw(t)).
3. From transient dynamics to cycle metrics

The goal of this section is to translate the transient adsorber dynamics (Section 2) into the cycle-level figures
of merit used for design and operation: specific cooling/heating power (SCP/SHP) and coefficient of
performance (COP). A time-varying operating schedule (i.e., the inlet temperature and flow together with the
valve conductance) sets the particle-surface pressure/temperature and therefore the surface-equilibrium
loading qeq(t). The bed-average loading q(t) is then obtained by convolving this surface-equilibrium
history with the diffusion kernel h using Eq. (1) or (6). Considering symmetric adsorption/desorption steps
of duration Ty separated by a small but negligible dead time €404 (sWitching, valve lag), the cycle time is
Teye = 2T . Given q(t), the finite-time uptake swing is defined as Eq. (7):

Adess = Gaas(Tse) = Gaes(T. _ et ¢ o1
qeff - qads( st) qdes( st)' Nu = Aqeq ( ’ ] (7)

where 7, is the utilization factor, i.e., the fraction of the equilibrium swing Aq,, realized within the
chosen stroke time Tg;; in the limit of strong transport (large Bi,,, large Da,) or sufficiently long strokes,
N — 1. Letting hg, and hg, denote the latent heats at the evaporator and condenser, and h24s, h3es the
averaged isosteric heats of adsorption and desorption and aggregating sensible terms into Qgens the cycle

heats per unit adsorbent mass are as in Eqgs. (8) and (9) [4]:

Qe Q

= AQess hf,,  —— = Aqss hf ®)
Mogs off Yo eff 'rg
Qa - Qin - Qsens
~ AQess R3S, ~ Aqesp R +—— )
Mags ef Tiso Maas eff Tiso mads

The specific powers (per unit adsorbent mass) then read as Eq. (10), and the COPs can be presented as Eq.
(11):

A h¢
scp=—e  _Aerilyg  gpp_
Mads Tcyc Tcyc

Qu+0Qc _ Aqesr(hise® + hfy)
Maas Tcyc Tcyc

(10)
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(11)

A useful normalization for cross-design comparison is in Eq. (12) which depends only on the dimensionless
groups {Bi,,, Dag, NTUy, Ay, yq}

SCPt, SHP* = SHP 7,
h’feg ¢ " pads +hfcg (12)

Lso

SCP* =

Two consequences follow immediately. (i) Ideal loss-free limit: If sensible terms are negligible (Qgens =
0), the Aqqs factor cancels in (11), so COPs are weakly sensitive to kinetics, whereas SCP/SHP scale with
both Agesr and the cycle frequency 1/Tcy. (ii) Equilibrium bias: If one computes Aqess with an equilibrium
closure in place of the diffusion operator, the specific powers are over-estimated at fixed Ts.. A convenient
bias metric is defined in Eq. (13) to measure the deviation of non-equilibrium specific powers from the
equilibrium ones.

. scpet  Aqf
- diff — diff —

1 >1 13)
Ny (

Finally, choosing the half cycle time T is a trade-off between utilization and frequency. For a given
boundary span, an operationally transparent rule can be as (14):

st = min {Tst:rlu(Tst);nmin} (o

with 7pnin = 0.85-0.9 when an equilibrium closure is desired; otherwise the diffusion operator should be
retained. In Section 5 we visualize these trade-offs as regime maps over (Biy,, Da,), showing how increases
in film coefficient kf and effective diffusivity D, move a design toward higher utilization, higher power,
and—when [Iis small—near-ideal COP.

4. Numerical solution and study setup
4.1. Spatial discretization and time integration

The one-dimensional balances (3)-(6) are solved on a uniform axial grid using a conservative finite-
difference form for the fluid energy and a collocated point for the wet-adsorber energy and vapor mass. Time
integration is semi-implicit (backward differencing for the source/exchange terms; first-order upwind for the
convective term in Tf); nonlinearities are treated with Newton iterations and a line search [20]. At each step,
the uptake operator is evaluated by recursive kernel updates (no history storage beyond the modal states).
Convergence criteria are || R Il,/ll Ry II,< 1078, max | Ay |< 10~° with y = [T}, T,,, p, q]". The time step
At is adapted to keep max | Aq |/] g I< 1% and to confirm a CFL-like condition for the fluid convection.

The diffusion kernel h(:; Biy,) is represented by the standard slab-with-film eigenmodes [21,22]; we retain
the smallest M eigenvalues such that the modal tail at the end of a cycle is negligible in Eq. (15)

exp(_AI\Z/I tend/Ta) < Exers Eker = 10°¢ (15)
where A,is the M-th Robin eigenvalue and t4 = #2/D, [21].This control ensures that early film-affected
behavior and late diffusive tails are captured without term-by-term series evaluation.

4.2. Numerical convergence assessment

A structured mesh and time-step refinement study was performed to quantify numerical error in the key
outputs used throughout (step time tg,, utilization 7,, and cycle metrics). The axial grid was refined

5
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uniformly by factors of 2 and 4 relative to the baseline (N,, 2N, 4N, ); the time step was reduced proportionally
to keep the convective CFL number CFL = uAt/Ax < 0.5.

Across representative cases spanning the (Bi,,, Da,) range, refining from N, to 4N, changed t5, by
< 0.2%, n, by < 0.3%, and SCP* by < 0.5%. The adaptive controller limits the per-step relative change
in uptake to < 1% (i.e., max | Aq |/ q |< 1%), which yields nondimensional timesteps At/t, ~ 1 X 1073~
5x 1073, Halving At at fixed grid changed t5, by < 0.1%, 1, by < 0.2%, and SCP* by < 0.3%. This
confirms first-order time accuracy and that the reported trends are insensitive to timestep choice.

Tightening Eq. (14) from &y, = 107° to 1078 (or increasing M by +5 modes) altered q(t) by <
107*, Aqesr by < 0.01%, and downstream metrics by < 0.05%; thus M = 8 — 12 is sufficient over the
explored Bi,,. Collectively, these tests bound the numerical uncertainty well below the variations discussed
in Section 5, supporting the robustness of the reported [-maps and cycle-level metrics.

4.3. Working pair, operating schedule, and cycle-time definition
The working pair is silica gel-water. The equilibrium relation at the particle surface is provided by a

Dubinin—Astakhov-type isotherm evaluated at (p(t), T, (t))[23]. The latent heats hfy, hf, and the stroke-
averaged isosteric heats h,29%, h%Senter the cycle metrics by the formulations introduced in the section 3 and

1sO0 ’ ""1so
are treated as known functions of operating conditions. The cycle duration is normalized by the same
convective time 7, = L/uto define Oy¢ = Teyc/Tc. A finite set of representative Oy levels is selected.

For each level, stroke durations and ramps are scaled consistently with the recorded schedule shape.
5. Results: equilibrium admissibility and power-bias maps

Figure 2 summarizes how the power-bias f = SCP®?/SCP%// (Eq. 13) varies over Biot-Damkéhler plane
at several dimensionless cycle times O, = Tcyc/T.. Each panel fixes one O,,; the horizontal axis is Biy,
and the vertical axis is Da,, both on log scales. Symbols mark evaluated operating points and the colour field
is an interpolation drawn only inside the convex hull of the data. White diagonal lines are Bi,,.Da, isolines.
Other dimensionless groups remain at their case values while we compare (Biy,, Da,) across ©.. By
definition f = 1; values near 1 indicate that the equilibrium closure and the diffusion operator predict similar
specific cooling power under the same schedule, whereas high f marks conditions where the equilibrium
closure over-predicts power. The global pattern is consistent across panels: large f at small Bi,, and small
Da,; B — 1 as both numbers increase.

The trends follow directly from transport physics. Increasing Bi,, weakens the external film resistance,
which reduces the early-time uptake lag that the diffusion operator captures and the equilibrium closure misses;
[ therefore decreases along the Bi,,axis. Increasing Da, shortens the intraparticle diffusion time relative to
the convective time, which damps the long diffusive tail and again reduces f5. Because film and intraparticle
resistances act in series, the steepest reduction of  occurs along a diagonal move toward higher Bi,, and
higher Da, [22,24,25]. Cycle time sets how far dynamics can relax within one cycle. Short cycles (small
0O.y.) leave less time for uptake to approach the equilibrium swing, so Aqdif /" is smaller and B is larger. As

cyc eff
Oy increases, 7, increases, the diffusion result approaches the equilibrium swing, and f approaches 1
over a wider area. These observations are consistent with Egs. (8) and (10): power scales with Aqes/T,
and the diffusion closure mainly changes Aq.s; at fixed schedule.

For practice, a simple acceptance frontier such as f# < 1.05 or f < 1.10 can be used to decide when an
equilibrium closure is adequate at a given .. This aligns with the utilisation rule in Eq. (14), since near
1Ny = 1 the bias and the utilization shortfall are directly related. The maps also suggest how to move across
the frontier. Rightward motion arises from higher ky through channel design or surface treatment; upward-
right motion comes from higher D, or smaller . Higher flow increases Da, and often improves NTU, but
film scaling must be checked so that Bi,, does not fall. Improving NTU limits y, so kinetics, not thermal
drift, sets the achievable power. The bias concerns SCP and SHP at fixed schedule; ideal COP remains weakly
sensitive to kinetics as discussed in Section 3. We restrict interpretation to the region covered by data points,
and do not extrapolate beyond the convex hull.

yCo
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Figure 2. Power-bias f(Biy, Day; Ocyc) at six dimensionless cycle times. Colour shows f = SCP®1/SCPYT Panels correspond to
Ocyc = 50,75,100,125,150,200. Axes: Bip(horizontal, log) and Da,(vertical, log). Symbols are data points; shading is interpolation.
Bi,. Da, isolines are shown for reference and also for suggesting how to move across the frontier.

6. Conclusions and practical design guidance

We present a design and operation agnostic, dimensionless adsorber framework that embeds an operator-
based intraparticle diffusion closure and projects transient behavior to cycle performance (SCP, SHP, COP)
through the effective swing Aqe¢ and cycle time Tcyc. Using this framework, we assemble power-bias maps
B = SCP4/SCPYff over (Bi,, Da,) at several dimensionless cycle times Ocyc, with other dimensionless
groups held fixed to enable fair comparison. The maps delineate where an equilibrium closure is admissible
and provide concise guidance for design and operation. In practice, selecting the stroke time by a utilization
rule (e.g., My = 0.9)—equivalently f < 1.05-1.10at the intended O, —offers a simple acceptance
criterion; moving toward higher Bi,,and Da,(via improved film transfer, higher effective diffusivity, or
shorter diffusion length) expands this admissible region. Together, the S-maps and the 7,criterion form a
portable basis for benchmarking designs and co-optimizing hardware and operation in adsorption heat-pump
systems.
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Symbol Description

Bim Mass-transfer Biot number (film vs intraparticle resistance), dimensionless
Cp Specific heat at constant pressure of heat-transfer fluid, J kg™ K'!
Cv Vapor capacitance, kg Pa!

Cw Wet-adsorber thermal capacity, J K!

Daa Adsorption Damkohler number, dimensionless

Desr Effective intraparticle mass diffusivity, m? s*!

hig Latent heat (evaporator or condenser), J kg'!

hiso Isosteric heat of adsorption/desorption (stroke-averaged where used), J kg!
K(t) Intraparticle diffusion kernel (convolution kernel)

ke Film mass-transfer coefficient, m s™!

L Heat exchanger flow-path length, m

¢ Characteristic half-thickness of adsorbent slab/particle, m

NTU Number of transfer units in the adsorber, dimensionless

p Pressure, Pa

q(t) Bed-average solid loading, kg kg!

Qeq(t) Surface-equilibrium loading, kg kg'!

SCP, SHP Specific cooling/heating power per adsorbent mass, W kg!

t Time, s

teye Cycle time, s

tst Stroke (step) time, s

UA Overall heat transfer conductance, W K!

u Velocity, m s™!

X Axial coordinate, m

Greek symbols

Bp Power bias (equilibrium vs diffusion prediction), dimensionless
Yq Vapor-uptake coupling factor (as defined in the scaling), dimensionless
Aqest Effective (finite-time) uptake swing, kg kg!

AQeq Equilibrium uptake swing, kg kg™!

€dead Dimensionless dead time (switching/valve lag), if used

Eker Kernel truncation tolerance, if used

Mu Utilization factor (fraction of equilibrium swing realized), dimensionless
(S} Dimensionless time, t/1c, dimensionless (if used explicitly)

Ocye Dimensionless cycle time, teyc/te, dimensionless

Av Vapor-path conductance number, dimensionless

An Robin eigenvalue (kernel eigenmode), dimensionale

p Density, kg m

Tc Characteristic convective time, s

Td Characteristic diffusion time, s

(OJF] Heat-release number, dimensionless

Ay Vapor-pressure coupling number, dimensionless

Subscripts

0 Initial state

a Adsorption (for dimensionless groups where used)

ads Adsorption

c Condenser

cyc Cycle

des Desorption

e Evaporator

eff Effective

eq Equilibrium

f Heat-transfer fluid, film

fg Latent heat of vaporization

iso Isosteric

ker Kernel

st Stroke (step)

v Vapor

W Wet adsorber / wet domain
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