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Abstract

Working capital mismanagement poses significant challenges to supply chain (SC) opera-
tions, threatening the stability and viability of businesses worldwide. One manifestation
of this issue is the cash flow bullwhip (CFB) effect, which refers to the amplification of
working capital variability relative to demand variability as it propagates upstream in
the SC. Blockchain-enabled data sharing and decision trees trained on data generated by
discrete-event simulation are potential yet unexplored solutions to address the CFB effect.
This study fills this gap by investigating the effectiveness of blockchain-enabled data shar-
ing and the integration of discrete-event simulation with decision trees in mitigating the
CFB effect. The analysis focuses on a three-echelon manufacturing-retail SC. However,
the findings are applicable to other SC types that experience the CFB effect. Blockchain
provides visibility into end-customer demand and working capital policies across SC tiers
by enabling data sharing. The shared data serve as inputs into a discrete-event simulation
model that generates dynamic scenarios to train decision trees. Findings demonstrate that
demand forecasting based on end customers’ needs, facilitated by blockchain, significantly
reduces the CFB effect. Additionally, combining this forecasting with uniformly applied,
increasing cash collection policies across all SC members, also coordinated by blockchain,
can prevent the CFB effect. Decision trees provide interpretable and actionable rules for
setting working capital policies, highlighting the importance of regulating inventory poli-
cies at the middle echelon of the SC to prevent the CFB effect. This study offers manage-
rial recommendations to address the CFB effect in SCs.
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1 Introduction

Working capital management refers to the efficient management of a company’s short-term
assets and liabilities. Mismanagement of working capital has wreaked havoc on supply
chains (SCs), paralyzing operations and threatening the survival of businesses worldwide
(Bal & Pawlicka, 2021). High-profile bankruptcies, such as those of Converse in 2001,
Toys “R” Us in 2017, and Esprit Belgie Retail in 2024, underscore the severe consequences
of ineffective working capital management. These catastrophic events extend beyond the
companies facing bankruptcy, affecting suppliers and customers within the SC (Gibilaro
& Mattarocci, 2019). This highlights the crucial importance of viewing working capital
management from a SC perspective rather than from the perspective of a single company
(Badakhshan et al., 2022).

Effective working capital management in SCs involves the rigorous monitoring and anal-
ysis of inventory, cash, receivables, and payables within a network of interconnected enti-
ties engaged in the production, distribution, and sale of goods and services (Pei et al., 2023).
This management serves as the lifeblood that keeps the entire SC ecosystem functioning
smoothly, directly influencing an organization's ability to meet financial obligations, main-
tain liquidity, and sustain day-to-day operations (Badakhshan & Bahadori, 2024; Wuttke et
al., 2013).

A significant obstacle to effective working capital management is the cash flow bull-
whip (CFB) effect, a phenomenon that amplifies working capital fluctuations as one moves
upstream in the SC, leading to increased financial strain and risk for upstream members
(Tangsucheeva & Prabhu, 2013). The CFB effect arises from a combination of operational,
financial, and informational factors. Demand variability is identified as one of its primary
causes. For instance, even a small shift in consumer demand, whether upward or downward,
can trigger disproportionately large fluctuations in upstream orders, as each tier adjusts
inventory levels to manage uncertainty. Additionally, asymmetric payment terms (where
upstream suppliers experience immediate cash outflows but receive delayed payments from
downstream partners), order batching practices, extended or uncertain lead times, and lim-
ited visibility into actual consumer demand collectively exacerbate the CFB effect (Lamza-
ouek et al., 2021).

The automotive sector provides a real-world illustration of the CFB effect. During the
COVID-19 pandemic, as consumer demand rebounded unexpectedly in late 2020, automak-
ers rapidly increased replenishment orders. This sudden escalation forced Tier 1 and Tier 2
suppliers to incur immediate expenses to restart production lines, procure raw materials, and
rehire labor. However, delayed payments from automakers led to a rise in accounts receiv-
able for these upstream suppliers. As a result, they experienced amplified working capital
volatility, exemplifying the CFB effect through disproportionate fluctuations in working
capital relative to changes in demand (PwC, 2021).

Empirical studies further underscore the significance of this issue. For example, Drissi
et al. (2023) analyzed data from 51 Moroccan fast-moving consumer goods companies,
revealing that small and medium-sized enterprises (SMEs) experienced an average 43%
increase in accounts receivable due to extended trade credit periods imposed by downstream
SC partners. These disruptions intensified working capital variability relative to changes in
demand, highlighting the presence of the CFB effect. Similarly, Patil and Prabhu (2024a), in
their analysis of 763 U.S. public companies from 2010 to 2019, found that the CFB effect
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impacted 37% of retailing, 43% of wholesaling, and 81% of manufacturing firms. Their
findings emphasize that upstream SC members, who often experience delayed cash inflows
and heightened liquidity constraints, are particularly vulnerable. This underscores the need
for strategies that address the structural causes of the CFB effect across SC tiers.

Traditional approaches to addressing the CFB effect, such as demand forecasting, have
often failed due to persistent data silos, limited visibility, and a lack of trust among par-
ticipants (Riahi et al., 2023). Data silos occur when different entities within a SC, such as
suppliers, manufacturers, distributors, and retailers, fail to effectively share critical data
(Alzoubi & Yanamandra, 2020). Each entity operates autonomously with its own objectives,
priorities, and internal systems, creating barriers to data exchange (Kembro & Néslund,
2014; Nurhayati et al., 2023). Technological disparities can contribute significantly to data
silos; entities often utilize disparate Enterprise Resource Planning (ERP) systems or other
technological platforms. These systems may employ different data formats, structures, or
protocols, complicating the integration and exchange of data across the SC (Chen et al.,
2015; Tavana et al., 2020). This lack of effective data sharing results in fragmented land-
scapes where each participant only has a partial view of the overall SC operations (Khanuja
& Jain, 2020).

Moreover, a lack of trust among participants exacerbates persistent data silos, as firms
are often reluctant to share sensitive financial and operational data with their partners (Miil-
ler et al., 2020). This distrust undermines the effectiveness of traditional working capital
strategies, such as demand forecasting, leading to decision-making based on incomplete,
outdated, or inaccurate data. The reluctance to collaborate across organizational boundaries
hinders coordinated responses and perpetuates inefficiencies throughout the SC (Gligor et
al., 2019).

Blockchain technology offers a novel solution to the problems of data silos, limited vis-
ibility, and distrust among SC participants. Its decentralized architecture ensures that all SC
members have access to the same data on product, order, and cash flows, thereby eliminat-
ing data silos (Wan et al., 2020; Xue et al., 2025). Blockchain maintains an immutable and
cryptographically secured ledger, ensuring data integrity and authenticity while preventing
unauthorized modifications (Dahal, 2023). This transparency reduces information asym-
metry, fosters trust among participants, and promotes accountability, making blockchain
uniquely suited to overcoming the data silos, limited visibility, and distrust that hinder
traditional approaches to working capital management. By enhancing trust and visibility
simultaneously, blockchain enables more reliable demand forecasting and the coordinated
execution of working capital policies across SC tiers (Gazzola et al., 2023).

Data shared through blockchain must be effectively utilized to mitigate the CFB effect in
SCs. Accurately measuring the CFB effect is essential, and simulation modeling is widely
used for assessing SC performance indicators, including the CFB, because it captures the
dynamics of product, order, and cash flows (Jahani et al., 2023; Xu et al., 2024). However,
simulation models mainly identify policies to mitigate the CFB effect through what-if anal-
ysis, which can become cumbersome when evaluating numerous scenarios (Badakhshan
et al., 2024). Machine learning (ML) offers a means to analyze large datasets and extract
meaningful patterns (Mehdiyev et al., 2024). This enables decision-makers to identify effec-
tive strategies to prevent the CFB effect. However, ML models require substantial volumes
of data, which can be generated through simulation.
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Integrating simulation with decision trees enhances efforts to prevent the CFB effect in
SCs. Simulation captures the complex dynamics of financial and operational flows within
the SC, generating extensive data under a variety of policy and environmental conditions.
This data is then used to train decision trees, which produce transparent, rule-based outputs.
For example, a decision rule might state: “If the desired inventory at the middle echelon
exceeds X, then reduce the desired work-in-progress at the lower and middle echelons to Y
and Z, respectively, to avoid the CFB effect.” These if-then rules are directly interpretable
by non-technical stakeholders, including supply chain managers, and offer clear, actionable
guidance for adjusting inventory decisions, cash collection policies, and trade credit terms.
By making ML outputs interpretable, this integration provides a practical decision-support
framework that enables managers to implement targeted interventions to prevent the CFB
effect.

Despite the significant potential of blockchain technology to mitigate the CFB effect in
SCs, its application in this context remains largely unexplored. Existing studies on block-
chain for working capital management in SCs have primarily focused on enhancing trans-
parency, automating transactions via smart contracts, and improving security (e.g., Bhusari
et al., 2023; Chen et al., 2024). Additionally, although there is a growing body of litera-
ture on the integration of simulation models with ML techniques for SC management (e.g.,
Badakhshan & Ball, 2024), their application to addressing the CFB effect remains limited.

To address these gaps, this study is guided by two research questions: (1) How can block-
chain-enabled data sharing contribute to mitigating the CFB effect and stabilizing financial
flows in SCs? (2) How effective is the integration of simulation and machine learning tech-
niques in preventing the CFB effect in SCs? These questions aim to explore the potential of
emerging digital technologies in enhancing transparency, coordination, and financial stabil-
ity across SC networks.

This research contributes by offering a transformative approach to managing cash flow
in SCs, aligning with the broader trend of digitalization, and enhancing visibility and trans-
parency (Cui et al., 2023a; Dolgui & Ivanov, 2022; Iftikhar et al., 2024; Ivanov, 2021). The
findings will provide valuable insights for both academic researchers and industry practitio-
ners focused on ensuring the financial stability of SCs.

This paper is structured as follows: Sect. 2 offers a comprehensive review of existing
literature, identifying research gaps. In Sect. 3, the simulation modeling of the CFB effect
in a multi-stage SC is described. Section 4 discusses the proposed Frameworks for address-
ing the CFB effect. Section 5 presents experimental results and provides recommendations
for practitioners. Finally, Sect. 6 summarizes the findings and suggests directions for future
research.

2 Literature review

This study covers three major research domains: the CFB effect, hybrid simulation-ML for
supply SC management, and blockchain-based solutions for working capital management
in SCs. Accordingly, the literature review is organized around these themes. These research
strands are integrated to evaluate the effectiveness of hybrid simulation-ML, enabled by
blockchain-based data sharing, in mitigating the CFB effect.
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2.1 CFB effect

The CFB effect refers to a phenomenon analogous to the traditional bullwhip effect observed
in material flows, but it pertains specifically to cash flows. While the bullwhip effect cap-
tures the amplification of demand variability as it propagates upstream, resulting in inven-
tory and production inefficiencies, the CFB effect reflects the amplification of working
capital volatility under similar conditions. It is also conceptually linked to the ripple effect,
which describes the cascading impact of disruptions whether operational or financial across
multiple tiers of a SC (Dolgui et al., 2020a, 2020b; Ivanov, 2020, 2025a).

Tangsucheeva and Prabhu (2013) defined the ratio of variability in the cash conversion
cycle to variability in demand as an indicator of the CFB effect. They identified demand
variability and lead time as the primary contributors to the CFB effect in an inventory sys-
tem utilizing the order-up-to replenishment policy. Goodarzi et al. (2017) further recognized
rationing and shortage gaming as principal causes of the CFB effect in inventory systems
employing the order-up-to replenishment policy. Chen et al. (2022) expanded on this by
measuring the CFB effect in parallel SCs. Their results indicated that competition and mar-
ket share significantly impact the CFB effect. Sim and Prabhu (2022) investigated the influ-
ence of credit risk on the CFB effect, finding that considering credit risk increases the flow
of cash from downstream to upstream in a SC, thereby alleviating the CFB effect.

The CFB effect results in inefficiencies such as inventory imbalance and financial strain
on upstream SC members. Several studies have identified strategies to mitigate the CFB
effect. For instance, Badakhshan et al. (2020) suggest reducing the CFB effect by determin-
ing the optimal inventory and financial decisions. Sim and Prabhu (2017) demonstrate that a
SC microfinance scheme, where the manufacturer acts as the lender and the supplier as the
borrower, can reduce the CFB effect. Lamzaouek et al. (2023) state that reliable SCs are at
a lower risk of encountering the CFB effect because they can more effectively manage and
predict cash flows, reducing the likelihood of significant variability in cash flow. Drissi et al.
(2023) recommend enhancing collaboration among SC members and implementing internal
control mechanisms for collecting receivables, paying payables, and managing inventory to
reduce the CFB effect. Lamzaouek et al. (2021) highlight the role that digitalization can play
in controlling the operational causes of the CFB effect, namely poor demand forecasting,
price fluctuations, order batching, lead times, and rationing and shortage gaming.

Patil and Prabhu (2024a) argue that the formula presented by Tangsucheeva and Prabhu
(2013) does not accurately measure the CFB effect, as it divides the variance of the cash
conversion cycle, which is in time units, by the variance of demand, which is either in mon-
etary or product units. To address this shortcoming, they propose substituting the cash con-
version cycle with working capital in the formula presented by Tangsucheeva and Prabhu
(2013). Therefore, in the new formulation, the CFB effect is defined as the ratio of variabil-
ity in working capital to variability in demand. Patil and Prabhu (2024b) employ the new
formula to calculate the CFB effect for 786 companies over a 10-year period and verified its
existence in real-world SCs.

While previous studies have explored strategies like optimizing inventory and finan-
cial decisions to address the CFB effect within SCs, none have specifically investigated
blockchain-based solutions for reducing this effect. To address this gap, our research aims
to assess the effectiveness of blockchain in mitigating the CFB effect. Additionally, no stud-
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L HAWD Y1 WH MLIPW & B Q0E RVR D AN IRHHYH u HIF@W. V7 R, ONDKILDVZ H
SURSRVH DQ DSSURDFK WKDW MRP BGGHW WV PAXKOHD & %R (H WD

2.2 Hybrid simulation-ML for SC management

+\E UL GP X O D WULHRI GUNBNK 19 W H JRI 1D MPLROD RVG IR QW KW H F K QLR X H V
DGGERPSGHFLVLRQUPEYQD PIQFY L UR QPHEMNKIIQD O
% UDLONN®G UG 7KIDS S URDNMKUQMUHEL DMDQHM@WRRQ@DJHP HQW
| R UVD\E L GMRAD K D@ FIL V L R QD PEES HQ D W RIGHEERR R P E L QUKH)
VW U HRN WRKXO B MM RIREY D O JR U KWEKPLES U R B B K @ D PIOFG
D G D SWRLOXHWBRREGR\P S O HR I\ W6H.W X O PW G RQ\VPKE LV FUHWH HY H (
D JH QW \ELLPKHOGR/D ISRAQMMLIGIW ULLGFVD M/UHD BEBH.KRIDWLLRUR\E. @ K L O H
0/ OHYHGDWWY GQ VYRS W LE HF Y DR QCSELOHHBAHPVESDAV W H U Q V
D QGH VWDHOFRWP DOX.WW D) BINKLP L 7K IOL W HU ID YWHAZID RUKHAR Z
LQER GRIZ R UK \ E WWMLLEP X O D WRLRF0 @ FALDGRPRQW JH RHDKD L IK W L G
NHFRQW ULEQMDISR@M VWHYHDKIBK Y EDIV H J R/UAH. MAMH UQWR U H
WK UHRXEDWRQV KHK PIBDHIY WHFKQUXSHY @ HDHW®QEXSHUYLVH
OHDUQLQJ DQG UHLQIRUFHPHQW OHDUQLQJ

7KH UVWRRS/ W X G QMAH MLIPW B @ WWR S H U ® HDHIEH Y B\R B V
DGGBRYVYREQREQVWMHDRIEDQ 7KL 7TKX¥X RPELWKE®HGLFWLY
FDSDERIL@/UWYQRKQBWZRUNZLWKGHQDPRFGHGDSDELOLWL
RVLPXOW®HRIEDFRS S UH KW RIRDOQD O\JRERS URYXQWDELHDEOH
RSHUDVHL R | RRG X ¥ M@ VO F R X SVOLHPGX O P RVG R Q@ MKJ
D@11 WRRQGXVFI FEHVLRUPNYRAM Y BHKEWD Q L W&GLLAL@ DU O\
2IJXQVIRIMR HP S O RAIHRGX ODDWMHEEU D §Q1 I RS U H G LFWMR.GXF W LR (
QHWZRUN UHFRYHU\ WLPH IROORZLQJ GLVUXSWLRQV

<D0 FRPELQHXODWRRDLWIRG H@BWVUIRIFHVV WAKWFHFWL Q
HJLW WD\ EOPVRUR P VB OW K BUR G X6 WQ R VS RRU R E & O
GLVUX SWRRQBRIFINKRIVK DQGHEHQEM®INH XVH® WD
JH Q H UBD WLHPGX O DWVIRL REIMOVH Q K D QUFHL\DLICOLQIEPISHI RS UG & X FW L R ¢
VFKHGX@®&WHVSHFWLYRW WHE\X 4D XWINOV DS S ®LHA
WRR U H BBIV\DOEGEQ F R U SW K EBWHH G L E O YHRIQP/X O PRVGW & H G X F H
IRRADVHGIGLWLRQODORQBIDRY DQWBDGDNBRQGDOQ O
XVIWGPXOWW URE G LWIURRG HRSEP DV W6 DQRQWHY S RDRALN H
LQREDSIPWRO JH P H Y %H FX\QLGGHLE \U X\ERHLARIZUR. @ M QHAERU |
X V H® WHDQ H LD @MHVG- U H \B IR YQHAPW\OLRP X O DWARLURDIEVA I9$1 X U D O
GHFLWILLRHH7 DV XSH U®HDHER ®WEDYW H JQU-DVOHNY Z R UM K
G H F L WLLRHM U X FWVRS)W VR BTHHU D @ H R D\RIGR QW R P RE&WE DI ND UD Q
HWO DQBHKQDWBIU HPSORIEWREGLVFUHDIQWB VWOW
G\ Q D PVLLFR/X O DWRLLFSQ Y RLR U H F U @D @ B D ¥ QXS S RG MALIQ J
VLRQ PDNLQJ LQ FRPSOH[ 6& QHWZRUNV XQGHU XQFHUW

7KNHFRQBRE W X GQMW\WH MLPW 8 BMWXIR QXS HOMDURIEWKR GV
WRGGBRSYWREQRHYDPSBHKUMFK XV NGP X OWEB\ \RWK Y
LP S RAGA V U X B &/H Q QNKIHREOXY VDIQWDIOR § KRS H U | R U PDQ@F BVO

HP SO RS HGF U H \B I\ Y WE B D PULIER/X O WWRH @RIQE D MRB U L Q

FLSAORP SRQBQ@WBRIS\Z K L ZIO W KX DR H WsHEWV U X SWR RQIU O\



