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ABSTRACT 
Although solvent-based crystallization is widely adopted for separation and purification of crys-
talline pharmaceutical products, solvent choice and utilisation critically influence product quality, 
manufacturing cost, and the environmental performance of the pharmaceutical process. Escalat-
ing demands to reduce process mass intensity (PMI), together with increasing vulnerabilities in the 
supply chains, necessitate the development of more efficient and resilient process designs, incor-
porating solvent and active pharmaceutical ingredient (API) recycling. The conceptual design of 
crystallization processes offers a viable route to identify flowsheets with substantially reduced 
solvent consumption. In this paper we present a computer-aided molecular and process design 
(CAMPD) formulation to explore the benefits of solvent/API recycle for two processes/APIs: (i) a 
continuous cooling crystallization process for mefenamic acid (MA) employing a binary solvent 
mixture and (ii) a batch cooling crystallization for paracetamol using a single solvent. At the con-
ceptual design stage, the process is assumed to operate at thermodynamic equilibrium and the 
SAFT-γ Mie group contribution approach is used as a rigorous thermodynamic model. The optimal 
design for each process is determined based on the trade-off between two key performance in-
dicators (KPIs), crystallization yield and solvent consumption. The resulting bi-objective optimiza-
tion (BOO) problem is implemented in gPROMS. In addition to the solvent identities the proposed 
methodology also enables the simultaneous optimization of process temperatures, and the feed 
composition. The results demonstrate that solvents and API recycling can deliver significant ben-
efits, leading to reduced process mass intensity (PMI) while maximizing the crystallization yield. 

Keywords: Crystallization, Solvent selection, SAFT, Process design, Optimization 

INTRODUCTION 
Over 80% of small-molecule pharmaceuticals are 

delivered in crystalline form, including tablets and cap-
sules [1]. Consequently, crystallization and purification 
are crucial components in pharmaceutical manufacturing. 
The design of isolation and purification steps impacts the 
physical properties of active pharmaceutical ingredients 
(APIs), which influence the therapeutic performance of 
the drug through its efficacy, absorption, and bioavaila-
bility. Additionally, crystalline form properties affect the 
performance of downstream operations such as filtration, 

drying, milling, and tableting [2].  
Most industrial crystallization processes are solvent 

based, primarily due to the operational simplicity of such 
systems [3]. However, the choice of solvent(s) has a pro-
found impact on the overall efficiency and sustainability 
of the crystallization process. From a thermodynamic 
perspective, solvent selection influences the solubility of 
the API, thereby affecting both the attainable crystal yield 
and the solvent volume required for crystallization. Mo-
rover, solvent usage accounts for over 70% of the total 
energy demand and nearly 50% of the greenhouse gas 
emissions associated with API production [4]. 
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Consequently, systematic approaches to solvent choice 
are fundamental to developing crystallization processes 
that are both efficient and environmentally sustainable. 

Considering these challenges, increasing attention 
has been directed towards integration of solvent and API 
recycling strategies within crystallization processes [5-
7]. Among these, Wong et al. [5] and Ferguson et al. [6], 
have carried out experimental studies on single stage, 
mixed-suspension, mixed-product removal (MSMPR) 
crystallizers with recycle and have shown that recycling 
mother liquor back to the crystallizer and manipulating 
the recycle ratio can boost the crystallization yield. 

From a computer-aided design perspective, several 
systematic methods for integrated solvent (or solvent 
mixture) and process design have been reported for 
standalone crystallization [2, 8-11]. Various strategies 
have been adopted to solve such computer-aided molec-
ular and process design (CAMPD) problems. These in-
clude generate-and-test, in which property prediction 
methods or databases are used to generate a list of can-
didate solvents to be evaluated [11], decomposition-
based approach [8, 10], where optimization subproblems 
are used to identify molecules for which the process is 
further optimized; and simultaneous optimization of sol-
vent/solvent blend and process [2, 9], where a mixed-in-
teger nonlinear program (MINLP) is solved with respect 
to the process variables and the molecular structure. As 
expected, optimal binary solvent mixtures often results in 
greater solubility than pure solvents [12].  

Comparatively limited attention has been given to 
the design of crystallization processes with solvent and 
API recycling. Wang and Lakerveld [7] have recently pre-
sented a continuous molecular targeting (CoMT-CAMPD) 
approach for solvent selection in a continuous antisolvent 
crystallization process. Their process configuration inte-
grated a crystallizer with a flash drum to recycle and re-
use the antisolvent. Their approach was based on the 
perturbed-chain statistical associating fluid theory (PC-
SAFT) equation of state [13] as the underlying thermody-
namic model. The resulting MINLP problem was relaxed 
into a sequence of nonlinear programming (NLP) prob-
lems via continuous mapping of solvent parameters.  

Building on these advances, the aim of this work is 
to employ a simultaneous CAMPD formulation to investi-
gate the potential benefits of solvent/API recycling for 
two process configurations/APIs. The first process con-
figuration considered, Case 1, is adapted from the con-
tinuous cooling crystallization design proposed by Wang 
and Lakerveld [7] using a binary solvent mixture. Two sol-
vent and API recycling strategies are examined: direct re-
cycling of the mother liquor and recovery via a flash sep-
aration step. The performance of these recycling strate-
gies is compared with that of standalone crystallization, 
with solvent identity and process operating conditions 
optimised in each case. The second process 

configuration examined, Case 2, is adapted from a labor-
atory-scale batch cooling crystallization setup for para-
cetamol using a single solvent [19]. Here pure solvent re-
covery is achieved via a rotary evaporator, after which 
the recovered solvent is reused for washing the filtered 
crystal cake and subsequently recycled to the crystallizer 
together with the fresh feed. For both case studies, the 
thermodynamic properties of the pure solvent and the 
mixtures are evaluated using SAFT-𝛾𝛾 Mie [14].  

The design approach, including the process models 
and design constraints for both configurations, is dis-
cussed in the next section. The results of BOO are pre-
sented in subsequently the Case studies section and the 
final conclusions are drawn in the last section. 

DESIGN APPROACH 

Problem definition 
The CAMPD problem addressed in this work can be 

stated as: Given a crystallization process flowsheet for a 
pharmaceutical compound, a specified product purity, 
and a list of potential solvents, determine the optimal 
combination of solvent/solvent mixture, mixture compo-
sition and process conditions. At this stage of conceptual 
design, the process model is formulated based solely on 
thermodynamic equilibrium considerations and material 
balance equations. 

To facilitate the formulation of the process models, 
a number of sets are defined as follows. 

 𝑄𝑄 denotes the set of solvents used in the process. 
In this work, case studies with one or two solvents 
are used so that 𝑄𝑄 = {𝑠𝑠1, 𝑠𝑠2} or 𝑄𝑄 = {𝑠𝑠1}. 

 𝐼𝐼 denotes the set of impurities present in the feed 
stream. 

 𝐶𝐶 denotes the set of all components that may 
appear in any liquid stream within the process, i.e., 
𝐶𝐶 = 𝑄𝑄 ∪ 𝐼𝐼 ∪ {𝐴𝐴𝐴𝐴𝐴𝐴}, where API represents the desired 
product. 

 𝐶𝐶� ⊆ 𝐶𝐶 represents the set of components that may 
appear in the solid phase. 

 𝑆𝑆 represents the set of candidate solvents from 
which the solvents used in the process (𝑄𝑄) are 
selected.  

 𝒯𝒯 = {1, 2, … ,𝑁𝑁} is the set of process streams, 
where 𝑁𝑁 = 10 for Case 1 and 𝑁𝑁 = 22 for Case 2. 

 𝐺𝐺 is the set of functional groups used to represent 
the solvents in set 𝑆𝑆.  

Model formulation 

Continuous Cooling Crystallization – Case 1 
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The continuous cooling crystallization flowsheet for 
a binary solvent mixture with solvent and API recycle via 
a flash drum is shown in Figure 1. The mass of component 
𝑖𝑖 ∈ 𝐶𝐶 in stream 𝑡𝑡 ∈ 𝒯𝒯,𝑀𝑀�,�, is given by 

𝑀𝑀�,� = 𝐹𝐹�𝑥𝑥�,�𝑀𝑀𝑊𝑊�, 𝑖𝑖 ∈ 𝐶𝐶; 𝑡𝑡 ∈ 𝑇𝑇 (1) 

where 𝐹𝐹� is the molar flow rate of stream 𝑡𝑡, and 𝑥𝑥�,� repre-
sents the mole fraction of the 𝑖𝑖�ℎ component in stream 𝑡𝑡, 
such that ∑ 𝑥𝑥�,��∈� = 1,∀𝑡𝑡 ∈ 𝒯𝒯.  
 Stream 1 is the feed entering following upstream 
synthesis and contains only API and impurities; hence, 
𝑥𝑥1,� = 0, 𝑖𝑖 ∈ 𝐶𝐶\{𝐴𝐴𝐴𝐴𝐴𝐴} ∪ 𝐼𝐼. Streams 2 and 3 correspond to 
pure solvent 𝑠𝑠1 and 𝑠𝑠2, respectively, 𝑥𝑥2,� = 0, 𝑖𝑖 ∈ 𝐶𝐶\{𝑠𝑠1} and 
𝑥𝑥3,� = 0, 𝑖𝑖 ∈ 𝐶𝐶\{𝑠𝑠2}. The material balance around the feed 
tank is given as: 

𝐹𝐹1𝑥𝑥1,� + 𝐹𝐹2𝑥𝑥2,� + 𝐹𝐹3𝑥𝑥3,� + 𝐹𝐹8𝑥𝑥8,� + 𝐹𝐹9𝑥𝑥9,� = 𝐹𝐹4𝑥𝑥4,�, 𝑖𝑖 ∈ 𝐶𝐶 (2) 

while that around the crystallizer and filter is given as: 

𝐹𝐹4𝑥𝑥4,� = 𝐹𝐹5𝑥𝑥5,� + 𝐹𝐹7𝑥𝑥7,�, 𝑖𝑖 ∈ 𝐶𝐶 (3) 

Stream 5 consists of the wet API cake and is mod-
elled as a two-phase mixture of solid and liquid phases: 

𝐹𝐹5𝑥𝑥5,� = 𝐹𝐹5��𝑥𝑥5,��� + 𝐹𝐹5�𝑥𝑥5,�� , 𝑖𝑖 ∈ 𝐶𝐶 (4) 

where superscripts 𝑚𝑚𝑚𝑚 and 𝑠𝑠 denote the mother liquor and 
solid phases, respectively. The solvent holdup in the wet 
cake is characterized by a mass fraction 𝛼𝛼ℎ: 

Σ�∈�𝑀𝑀5,�
�� = 𝛼𝛼ℎ�Σ�∈�𝑀𝑀5,�

�� + Σ�∈�𝑀𝑀5,�
� � (5) 

It is further assumed that no compositional change oc-
curs in the liquid phase during filtering; therefore, the 
mole fraction of mother liquor retained within the wet API 
cake is equal to that of the liquid stream exiting the crys-
tallizer, stream 7, i.e., 𝑥𝑥5,��� = 𝑥𝑥7,�. Additionally, 100% impu-
rity rejection is assumed in the crystallizer, such that only 
the API reaches solid–liquid equilibrium (SLE), while all 

impurities remain undersaturated in the mother liquor 
(stream 7), i.e., 𝑥𝑥�,5� = 0, 𝑖𝑖 ∈ 𝐶𝐶\{𝐴𝐴𝐴𝐴𝐴𝐴}. Liquid stream 7 is at 
solid liquid equilibrium (SLE) with the solid APIs in stream 
5, and the API solubility is calculated as: 

ln 𝑥𝑥7,���𝛾𝛾7,��� =
𝛥𝛥𝐻𝐻����

𝑅𝑅 �
1
𝑇𝑇���
� − 1

𝑇𝑇7
� (6) 

where 𝛾𝛾7,��� denotes the activity coefficient of the API at 
equilibrium obtained using SAFT-𝛾𝛾 Mie, Δ𝐻𝐻����  is the molar 
heat of melting of the API, 𝑇𝑇����  is the melting temperature 
of the API, 𝑅𝑅 is the ideal gas constant, and 𝑇𝑇7 is the crys-
tallizer operating temperature.  

Stream 5 is sent to a dryer to produce dry API crys-
tals (stream 6), with residual solute impurities originating 
from the solvent holdup within the wet cake. 

Material balance around the flash drum is given as: 

𝐹𝐹5𝑥𝑥5,� = 𝐹𝐹9𝑥𝑥9,� + 𝐹𝐹10𝑥𝑥10,� + 𝐹𝐹8𝑥𝑥8,�,∀𝑖𝑖 ∈ 𝐶𝐶 (7) 

where 𝐹𝐹9 is vapour outlet flow rate from the flash drum. 
The liquid stream leaving the flash drum is split into a re-
cycle stream (𝐹𝐹8) and a purge stream (𝐹𝐹10), with purge 
fraction defined as 𝛼𝛼�, such that 𝛼𝛼� = �1− 𝛼𝛼��𝐹𝐹10/𝐹𝐹8. Phase 
equilibrium at the flash temperature, 𝑇𝑇����ℎ and atmos-
pheric pressure is determined via a temperature-pres-
sure flash (TP-flash). Furthermore, API and the impurities 
are assumed to be non-volatile and therefore, 𝑥𝑥9,� = 0, 𝑖𝑖 ∈
𝐶𝐶\{𝑠𝑠1, 𝑠𝑠2}.  

In some streams, at least one component in 𝐶𝐶� 
should remain in the liquid phase. For a stream 𝑡𝑡, the set 
𝐶𝐶�̂� ⊆ 𝐶𝐶� of such component is defined and the solubility 
limit of a component 𝑖𝑖 ∈ 𝐶𝐶�̂� is computed by assuming that 
only pure crystals can form (no co-crystals) [15] and by 
defining a hypothetical mixture with mole fraction vector 
𝒙̂𝒙�
(�) in which the relative proportions of all components 

are identical to those in stream 𝑡𝑡: 

 
Figure 1: Flowsheet for continuous cooling crystallization of mefenamic acid. The letters L-liquid, S-solid, LS-liquid 
and solid, and V-vapour shown in parentheses after each stream number indicate the phases present in the 
corresponding process streams. 
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𝑥𝑥�̂,�′
(�) 𝑥𝑥�̂,�1

(�)⁄ = 𝑥𝑥�,�′ 𝑥𝑥�,�1, 𝑖𝑖′ ∈ 𝐶𝐶\{𝑠𝑠1, 𝑖𝑖};  𝑖𝑖 ∈ 𝐶𝐶�̂�⁄ ; 𝑡𝑡 ∈ {4, 7, 8} (8) 

with the normalization condition Σ�′∈�𝑥𝑥�̂,�′
(�) = 1, 𝑖𝑖 ∈ 𝐶𝐶�̂� and 

component 𝑖𝑖 is assumed to be at SLE:  

ln𝑥𝑥�̂,�
(�)𝛾𝛾�̂,�

(�) =
𝛥𝛥𝐻𝐻��

𝑅𝑅 �
1
𝑇𝑇�
� −

1
𝑇𝑇7
� , 𝑖𝑖 ∈ 𝐶𝐶�̂�; 𝑡𝑡 ∈ {4, 7, 8} (9) 

where 𝛾𝛾�̂,�
(�) is the activity coefficient of component 𝑖𝑖 in the 

hypothetical stream. The undersaturation is then im-
posed as: 

𝑥𝑥�,� ≤ 𝑥𝑥�̂,�
(�) − 𝜖𝜖�, 𝑖𝑖 ∈ 𝐶𝐶�̂� (10) 

where 𝜖𝜖� is a small positive tolerance. These equations 
are applied to stream 7, where only the API crystallizes, 
(𝐶𝐶7̂� = 𝐶𝐶�\{𝐴𝐴𝐴𝐴𝐴𝐴}), and streams 4 and 8, where no compo-
nent crystallizes (𝐶𝐶4̂� = 𝐶𝐶8̂� = 𝐶𝐶�). 

Process design constraints: Liquid range con-
straints are enforced so that the solvent mixture is in the 
liquid state in specific units: 

𝑇𝑇� ≤ 𝑇𝑇���,���� − 𝑇𝑇0,∀𝑡𝑡 ∈ 𝒯𝒯� (11) 

Here, 𝑇𝑇� and 𝑇𝑇���,����  are the operating temperature and 
the bubble-point temperature of stream 𝑡𝑡, respectively, 
and 𝒯𝒯� is a relevant subset of 𝒯𝒯. For continuous crystal-
lization 𝒯𝒯� = {4, 7}. Bubble-point temperatures are calcu-
lated using SAFT-𝛾𝛾 Mie. Constraints on the melting points 
of the solvent(s) are not considered as the solvents have 
been chosen to have melting points well below the mini-
mum process temperature. Additionally, the quaternary 
mixture (s1, s2, API, and I) is required to form a homoge-
neous liquid phase in streams 𝑡𝑡 ∈ {4, 7, 8}. This is ensured 
by constraining a logical stability function 𝜙𝜙(𝑇𝑇�,𝑃𝑃�,𝒙𝒙�) to 
unity. 𝜙𝜙 = 1 denotes that a TP-flash calculation at the 
specified conditions identifies neither a second liquid 
phase nor a vapour phase, while 𝜙𝜙 = 0 indicates the pres-
ence of an additional fluid phase.  

Switching configurations: In the equations pre-
sented so far, it is assumed that recycling using flash 
drum takes place. To model the direct-recycle configura-
tion, the following constraints are introduced: 

𝑇𝑇����ℎ ≤ 𝑀𝑀𝑀𝑀 + 𝑇𝑇7 + 𝜖𝜖� (12) 

𝑇𝑇����ℎ ≥ 𝑇𝑇7 + 𝜖𝜖�(1− 𝑧𝑧) (13) 

𝑇𝑇����ℎ ≥ 𝑧𝑧𝑇𝑇���,7��� + 𝜖𝜖� (14) 

𝜖𝜖� is a small positive constant, 𝑀𝑀 is a large positive con-
stant, 𝑧𝑧 parameter indicating the status of the flash drum: 
(active for 𝑧𝑧 = 1, in-active for 𝑧𝑧 = 0). denotes a binary pa-
rameter indicating the operating status of the flash drum. 

Batch Cooling Crystallization – Case 2 
Figure 2 depicts the batch cooling crystallization 

process. The crystallization is performed in a pure 

solvent and is followed by filtration, washing and drying. 
Due its batch nature, the process requires a few itera-
tions to reach a steady state. While this is considered via 
a batch index 𝑏𝑏 and a total number of batches 𝑁𝑁�, the 
detailed dynamics of the process units are neglected at 
the conceptual design stage. Each unit is modelled by 
considering the initial time (inlet) and final time (outlet). 
As a result, the mass balances and phase-equilibrium for-
mulations for the crystallizer, filter, and dryer are analo-
gous to those described previously (with the addition of 
the batch index 𝑏𝑏) and are not repeated here. 
 As in the continuous crystallization model, 100% im-
purity rejection is assumed during batch crystallization. 
Specifically, only the API is allowed to reach SLE, while 
impurities are constrained to remain undersaturated in 
the relevant mother liquor streams (Streams 1, 2, 5, 17, 
18, and 22). Furthermore, temperature constraints are 
also imposed for streams 𝑡𝑡 ∈ 𝒯𝒯� = {1, 2} (cf. Eq. (11)). After 
filter 1, the cake is washed using a fraction of pure solvent 
from the solvent recovery tank. The mass of wash solvent 
in batch 𝑏𝑏,𝑀𝑀14

�  is modelled using wash mass fraction, 𝛼𝛼�: 

𝑀𝑀14
� = 𝛼𝛼�𝑀𝑀3,���

�,�  (15) 

where 𝑀𝑀3,���
�,�  denotes the mass of solid API in stream 3. 

 
Figure 2: Flowsheet for Batch cooling crystallization  

The washing operation is assumed to occur at room tem-
perature (i.e., 𝑇𝑇5� = 𝑇𝑇5 = 293 K) with the resulting mother 
liquor is at solid-liquid equilibrium (SLE) with respect to 
the API. Accordingly, API solubility in stream 5 is given by: 

ln 𝑥𝑥5,���� 𝛾𝛾5,���� =
𝛥𝛥𝐻𝐻����

𝑅𝑅 �
1
𝑇𝑇���
� − 1

𝑇𝑇5
� (16) 
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rotary evaporator, where a mass fraction, 𝛼𝛼����, of the to-
tal solvent amount in the combined stream (stream 9) is 
evaporated and collected in the solvent recovery tank. 
The corresponding mass balances are given by 

𝑀𝑀9,�
� = 𝑀𝑀5,�

� +𝑀𝑀4,�
� +𝑀𝑀18,�

� , 𝑖𝑖 ∈ 𝐶𝐶 (17) 

𝑀𝑀10
� = 𝛼𝛼����𝑀𝑀9,�1

� = 𝑀𝑀11
� +𝑀𝑀12

�  (18) 

𝑀𝑀11
� = 𝛼𝛼�𝑀𝑀10

�  (19) 

where 𝛼𝛼� represents the fraction of evaporated solvent 
lost in the vacuum system. For clarity, the component in-
dex 𝑖𝑖 is omitted for the streams containing pure solvent. 
The concentrated mother liquor leaving the rotary evap-
orator is cooled to room temperature (𝑇𝑇13� = 𝑇𝑇13 = 293 K) 
and sent to filter unit 2 to recover additional API. The filter 
cake is washed using solvent from the solvent recovery 
tank at room temperature. Next, the washed cake is re-
dissolved and recycled to the crystallizer. The filtrate is 
discarded (stream 17) whereas the wash liquor (stream 
18) is recycled back to the evaporator. 

The composition of the recycle stream (stream 22) 
is constrained such that the mass ratio of API to the sol-
vent is identical to that of the fresh feed stream. i.e.,  

𝑀𝑀���,22
� 𝑀𝑀�1,22

�⁄ = 𝑀𝑀���,1
� 𝑀𝑀�1,1

�⁄  (20) 

This ensures consistent feed composition upon recycle. 

Design Constraints and MINLP formulation 
Additional constraints and model equations are re-

quired to describe the selection of a solvent from the set 
of candidates 𝑆𝑆 and to quantify process performance.  

Solvent assignment constraints: Logical con-
straints are imposed on the binary variables representing 
the choice of solvent. Exactly one solvent from set can-
didate 𝑆𝑆 is assigned to the solvent component(s). 

Σ�∈�𝑦𝑦�,� = 1,∀𝑞𝑞 ∈ 𝑄𝑄 (21) 

For continuous cooling crystallization configuration, 
𝑄𝑄 = {𝑠𝑠1, 𝑠𝑠2}, whereas for batch cooling crystallization, 𝑄𝑄 =
{𝑠𝑠1}. To prevent the same candidate solvent from being 
assigned to both solvent components in a binary solvent 
mixture, the following constraint is imposed: 

Σ�∈�𝑦𝑦�,� ≤ 1,∀𝑠𝑠 ∈ 𝑆𝑆 (22) 

Since thermodynamic properties are computed us-
ing a group contribution approach, each solvent candi-
date 𝑠𝑠 is represented by a set of functional groups 𝑛𝑛�,�, 
where 𝑘𝑘 is a functional group in set 𝐺𝐺. The solvents 𝑞𝑞 ∈ 𝑄𝑄 
are then defined as: 

𝑛𝑛�̃,� = Σ�∈�𝑦𝑦�,�𝑛𝑛�,�,∀𝑞𝑞 ∈ 𝑄𝑄,∀𝑘𝑘 ∈ 𝐺𝐺 (23) 

where 𝑛𝑛�̃,� denotes the number of functional group of 
type 𝑘𝑘 present in solvent 𝑞𝑞. 

KPIs: The KPIs considered in this work are process 

mass intensity (PMI), product purity, and crystal yield. 

 PMI is sustainability metric that quantifies material 
efficiency. For continuous crystallization process, 
it is calculated as: 

𝑃𝑃𝑃𝑃𝑃𝑃 = Σ�∈{1,2,3}Σ�∈�𝑀𝑀�,� 𝑀𝑀���,6⁄ , (24) 

For batch crystallization, the overall PMI is evaluated over 
𝑁𝑁� batches by accounting explicitly for the solvent recov-
ered and recycled to upstream synthesis: 

𝑃𝑃𝑃𝑃𝑃𝑃 = �Σ�=1
�� �Σ�∈�𝑀𝑀�,1

� − 𝑀𝑀�1,20
� �� Σ�=1

�� 𝑀𝑀���,8
�⁄ (25) 

 Product purity (𝑃𝑃𝑃𝑃) is defined as the fraction of 
desired product in the dry API stream. For 
continuous crystallization process this is defined 
as 

𝑃𝑃𝑃𝑃 = 𝑀𝑀���,6 (𝑀𝑀���,6 +𝑀𝑀�,6) × 100⁄ (26) 

An analogous expression is used for batch crystalli-
zation process. In this work, product purity is imposed as 
a constraint, with minimum target value set to 99.5%. 

 Crystal yield (𝑌𝑌�, %) is the mass fraction of API 
recovered in the product stream relative to that in 
the feed. For the continuous crystallization 
process, the yield: 

𝑌𝑌� = (𝑀𝑀���,6 𝑀𝑀���,1⁄ ) × 100 (27) 

For batch crystallization, the yield is defined over 𝑁𝑁� 
batches and calculated as: 

𝑌𝑌� = Σ�=1
�� 𝑀𝑀���,8

� (𝑁𝑁�𝑀𝑀���,1
� )⁄ (28) 

Crystal yield is also constrained, with a minimum 
value of 90% imposed for both the systems.  

CASE STUDIES 
To understand the trade-offs between crystal yield 

and material consumption, a BOO-CAMPD formulation is 
constructed to simultaneously minimize the PMI and 
maximize the yield. It is solved using the 𝜖𝜖-constraint 
method [16], reformulating a series of single level optimi-
zation problems, each maximizing crystal yield subject to 
a specified upper bound (𝜖𝜖���) on PMI. The formulation is 
implemented in gPROMS Process, version 2023.1.0.  

The optimization problem is solved using OAREAP, 
the implementation of the outer approximation algorithm 
[17] in gPROMS. To increase the likelihood of finding the 
global solution, the NLP primal subproblems are solved 
using a multi-start strategy, with 16 initial guesses, and 
the NLPMSO local solver. 

Continuous Cooling Crystallization – Case 1 
The continuous cooling crystallization of mefenamic 

acid (MA), with toluic acid (TA) as an impurity is 
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investigated. Since all analyses are performed on relative 
basis, stream 1 is assigned a total molar flow of 1 mol/s, 
with an impurity to API weight ratio of 1: 30. The identity 
and composition of the binary solvent mixture, and the 
process operating conditions, are optimized in an inte-
grated manner. The decision variables, their bounds, and 
the set of 15 candidate solvents are shown in Table 1. The 
candidates are selected based on the availability of the 
required SAFT-𝛾𝛾 Mie interaction parameters [18]. The op-
timization problem is solved for three configurations: 
crystallization with direct recycle, crystallization with 
flash recycle, and stand-alone crystallization. For all 
cases, the minimum allowable PMI is fixed at 2.5 g/g, to 
avoid the formation of highly viscous slurries. Upper 
bound on PMI is varied to generate multiple instances of 
the 𝜖𝜖-constraint formulation for maximizing crystal yield. 

Table 1: Case 1: decision variables and bounds 

Variables Range 
𝑦𝑦�,� { } 

𝐹𝐹2,𝐹𝐹3(moles/s) [ ] 
𝑇𝑇4,𝑇𝑇7(K) [ ] 

𝑇𝑇����ℎ [ ] 
𝛼𝛼� [ ] 
𝑆𝑆 {water acetic acid cyclohexanone 

acetone ethanol methanol butanol 
pentanol -propanol  -propane-
diol -methyl--propanol ethyl ac-
etate butyl acetate isobutyl ace-
tate isopropyl acetate} 

 
The 𝜖𝜖��� values are varied between the PMI at the solu-
tion of the minimization of PMI solution and the PMI at 

maximum yield. For stand-alone crystallization (crystalli-
zation only in Figure 3) case, 𝜖𝜖��� values are set at inter-
vals of 0.5 between these bounds. For both recycling 
cases, 𝜖𝜖��� values are set with an increment of 0.2. The 
Pareto-optimal solutions for the three configurations are 
compared in Figure 3, where the optimal solvent(s) cor-
responding to each solution are also reported along with 
the associated PMI and yield values. For certain solu-
tions, only one solvent is reported as the optimal flow rate 
of the second solvent is zero, implying that a pure-sol-
vent is optimal at those conditions. The circled points de-
note the solutions corresponding to the minimum PMI. 
For most solutions, the temperature range attains its 
maximum value (𝑇𝑇4 = 360 K, 𝑇𝑇7 = 290 K), reflecting the in-
creased solubility range needed to enhance API recov-
ery. Further, the purge ratio (𝛼𝛼�) is driven to lower bound 
of 0.2 corresponding to the maximum allowable recycle to 
the crystallizer. 
 As expected, increasing the PMI results in higher 
solvent usage and process yield. Incorporating a recycle 
stream retains API within the process and reduces the 
fresh solvent demand, thereby enhancing crystal yield 
without proportionately increasing PMI. This is seen as a 
narrower range of PMI values on the Pareto front and a 
decrease in the number of Pareto-optimal solutions. The 
range of PMI values is narrowest with the use of flash 
drum as this reduces the fresh solvent requirement.  

Batch Cooling Crystallization – Case 2 
Batch cooling crystallization of paracetamol with 

metacetamol and acetanilide as impurities is studied. The 
feed contains 16.5 g of paracetamol, corresponding to the 
laboratory scale to which this process is based, with an 
impurity to API weight ratio of 1: 30 for both impurities. 
The design objective is to determine the optimal solvent, 

 
Figure 3: Pareto-optimal solutions for continuous crystallization of mefenamic acid, showing the optimal 
solvent/solvent pairs obtained for different cases. 
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solvent mass, and process conditions that maximize the 
crystal yield while minimizing PMI. The decision variables 
and the variable bounds are detailed in Table 2. The de-
tails of the SAFT-𝛾𝛾 Mie model used for paracetamol is 
given in the supplementary material. 

The crystallization process is examined over 𝑁𝑁� = 20 
batches, with overall PMI constrained to a lower bound 
of 2.2 g/g. Multiple 𝜖𝜖-constraint optimization instances are 
generated by varying the upper bound on PMI to maxim-
ize crystal yield. The resulting BOO-CAMPD optimal so-
lutions are presented in Figure 4. Three Pareto-optimal 
solutions are shown as points with 𝑏𝑏 = 1, … , 20. Ethanol 
yields the minimum overall PMI, while isopropyl acetate 
yields the maximum crystal yield. The range of operating 
temperatures is maximized in all cases (𝑇𝑇1 = 343 K, 𝑇𝑇2 =
263 K). Similar to the continuous crystallization case, a 
narrow Pareto front is observed for the batch crystalliza-
tion process. 

Table 2: Case 2: decision variables and bounds 

Variables Range 
𝑦𝑦�,� { } 

𝑀𝑀�1,1 (g) [ ] 
𝑇𝑇1,𝑇𝑇2(K) [ ] 

𝛼𝛼���� [ ] 
𝛼𝛼ℎ,𝛼𝛼�,𝛼𝛼�    

𝑆𝑆 {water acetic acid acetone ethanol 
methanol butanol pentanol -propa-
nol  -propanediol -methyl--pro-
panol ethyl acetate butyl acetate iso-
butyl acetate isopropyl acetate} 

 
The variation of PMI and crystal yield with the num-

ber of batches is also examined in Figure 4. As the Pa-
reto-optimal solutions transition from minimum PMI (eth-
anol) to maximum yield (isopropyl acetate), the number 
of batches required to reach steady state decreases. In 
the case of isopropyl acetate, the changes in both PMI 
and yield with batch number are negligible. This behav-
iour arises because a large amount of solvent is used in 
the first batch, leading to maximum product recovery 
during crystallization. Consequently, very little material is 
available for recycle, thereby leading to minimal variation 
across batches. In other cases, the introduction of recy-
cling leads to simultaneous improvement in crystal yield 
and PMI. Overall, the Pareto front moves closer to the 
utopia point as 𝑏𝑏 increases. 

CONCLUSIONS 
We have presented a systematic methodology for 

the identification of optimal solvent/solvent mixtures, and 
process conditions for integrated crystallization and sol-
vent/API recovery processes. A general CAMPD 

framework was formulated to design the crystallization 
processes and was applied to a continuous crystallization 
process for mefenamic acid and a batch crystallization 
process for paracetamol. Both processes incorporate 
solvent and API recovery and recycle. The process mod-
els were based on rigorous thermodynamics and the im-
position of a number of thermodynamic constraints. The 
results have demonstrated the potential benefits of sol-
vent recycling. This is reflected by a narrowing of the Pa-
reto front upon the introduction of a recycle stream in the 
continuous case, indicating that improvements in crystal 
yield can be achieved with only marginal increases in PMI. 
In the batch case, this is seen as the Pareto front moves 
closer to the utopia after a small number of batches. 

 
Figure 4: Pareto-optimal solutions obtained for 
paracetamol batch crystallization, showing the variation 
in PMI and crystal yield as a function of batch cycle 𝑏𝑏. 

These results confirm that low-PMI operation can be 
realized while maintaining high levels of product recov-
ery. Despite the sustainability advantages of recycling, 
the case studies also indicate that solvent selection plays 
a critical role and recycle may offer limited benefits for 
certain solvents. Integrating energy consumption into the 
multi-objective optimization framework will enable a 
more comprehensive sustainability assessment and facil-
itate the identification of solvent–process combinations 
that balance material efficiency with energy efficiency. 
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LAPSE:2026.0014. 
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