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Prefabricated steel construction projects require an integrated supply chain because off-site
fabrication, component transportation, temporary storage, installation sequencing, and site
constraints are tightly interdependent. Delays in critical components such as columns, main beams,

CVaR; and connection plates may interrupt installation activities, increase project costs, and generate

Carbon emissions. cascading delays. This study develops a scenario-based mixed-integer linear programming model
for risk-averse and low-carbon optimization of the prefabricated steel component supply chain
with selective fourth-party logistics (4PL) collaboration. The model simultaneously determines
supplier selection, hub activation, direct or hub-based transportation routes, fleet allocation,
shipment quantities, hub inventory levels, and installation scheduling decisions. Uncertainty in
transportation costs, delivery times, fleet capacity, and route risks is represented through
operational scenarios, while severe losses under adverse scenarios are controlled by conditional
value-at-risk. A normalized weighted objective combines cost, installation delay, logistics risk,
and tail risk, and a hard carbon-emission constraint ensures environmental feasibility. The Tehran
case study uses a transparent combination of project-based data, expert-calibrated parameters, and
scenario assumptions. Results show that selective 4PL collaboration outperforms both direct
transportation and full 4PL collaboration by reducing expected cost, installation delay, logistics
risk, and CVaR while satisfying the emission limit. The main managerial insight is that 4PL should
be applied to critical, high-risk, and sequence-sensitive components rather than uniformly to all
items.

Extended Abstract

1. Introduction

refabricated steel construction improves productivity, quality, and delivery speed by fabricating components including
columns, beams, braces, plates, and connections off-site and installing them sequentially. Although prefabrication
reduces on-site operations, it creates an interdependent supply chain requiring coordination among production,
transportation, storage, delivery, and installation. In prefabricated steel projects, the late arrival of a critical component
can interrupt installation and delay subsequent activities. Therefore, supply chain decisions should be integrated with

installation planning rather than treated only as supplier selection or transportation decisions.
Fourth-party logistics can support this coordination by integrating suppliers, carriers, hubs, information flows, and delivery
plans. However, using fourth-party logistics for all components is not necessarily economical or environmentally efficient.
Critical, heavy, bulky, or time-sensitive components may benefit from consolidation, temporary storage, and coordinated
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delivery, while less critical components may be transported directly from factories to the site. This motivates selective fourth-
party logistics collaboration, where the model determines when direct delivery is preferable and when a logistics hub should
be used. Prefabricated steel supply chains also face uncertainty in transportation costs, delivery times, fleet capacity,
congestion, and route risks. Accordingly, this study develops a risk-averse and low-carbon mixed-integer linear programming
model for optimizing the supply chain and installation of prefabricated steel components with selective fourth-party logistics
collaboration under uncertainty.

The contribution of this study is to connect four decisions usually modeled separately: integrated supply and installation
planning, selective 4PL routing, scenario-based risk control through CVaR, and carbon-constrained logistics. This structure
clarifies when hub-based coordination is beneficial and when direct delivery remains preferable.

2. Methodology

The proposed model is formulated as a scenario-based mixed-integer linear programming model. The network includes
component factories, fourth-party logistics hubs, installation zones, vehicle types, planning periods, installation activities, and
uncertainty scenarios. Components can be delivered through two routes: direct transportation from factories to installation
zones, or transportation through a fourth-party logistics hub followed by delivery to the project site. The model decides the
appropriate route for each component, zone, and period.

The main decision variables include factory selection, hub activation, route selection, shipment quantities, hub inventory
levels, activity start times, installation delays, and auxiliary variables for conditional value-at-risk. The model integrates
strategic decisions, such as factory selection and hub activation, with operational decisions, such as shipment quantities,
inventory, and installation timing. The objective structure includes expected supply chain cost, expected installation delay,
expected logistics risk, and conditional value-at-risk of total scenario loss. Cost includes production, transportation, hub
activation, logistics service, and inventory holding costs. Delay is calculated from deviations between actual and planned
activity start times, weighted by activity importance. Logistics risk reflects route-related risk.

To combine objectives with different units, a normalized weighted-sum method is used. Risk aversion is incorporated by
defining scenario loss as a combination of cost, delay, and logistics risk, and conditional value-at-risk is embedded using linear
auxiliary variables. Carbon emissions are calculated based on transported quantity, route distance, and vehicle-specific
emission factors. A hard carbon emission constraint is imposed to ensure environmental feasibility. The model also includes
constraints for factory capacity, hub capacity, fleet capacity, inventory balance, route selection, hub activation, demand
satisfaction, component availability, precedence, delay calculation, emission limitation, and variable domains.

3. Results

The model is evaluated using a case study based on a steel construction project in Tehran. The case includes three potential
factories, two fourth-party logistics hubs, three installation zones, two vehicle types, five component groups, ten weekly
planning periods, and four uncertainty scenarios. The component groups include columns, main beams, secondary beams,
braces, and connection plates. The scenarios represent normal conditions, moderate traffic and cost increase, fleet capacity
shortage, and severe route disruption.

Three logistics strategies are compared. The first is direct transportation without fourth-party logistics, in which all
components are shipped directly from factories to installation zones. The second is full fourth-party logistics collaboration, in
which all components pass through hubs. The third is selective collaboration, in which the model decides whether each
component should be transported directly or through a hub. The results show that selective collaboration provides the best
overall performance. Compared with direct transportation, it reduces expected supply chain cost from 47,850 to 43,210 million
IRR and expected installation delay from 8.6 to 3.7 working days. The normalized logistics risk decreases from 100 to 69.1,
and conditional value-at-risk decreases from 68,400 to 51,000 million IRR.

The results also show that full fourth-party logistics collaboration is not always best. Although it improves delivery
reliability and reduces delay compared with direct transportation, forcing all components to pass through hubs may increase
two-stage transportation and carbon emissions. Selective collaboration keeps emissions at 7.78 tons of carbon dioxide
equivalent, below the predefined limit. The optimal solution assigns 64.4% of components to hub-based routes and 35.6% to
direct delivery. Critical components such as columns and connection plates have the highest hub-based share because their
delay can disrupt the installation sequence. In contrast, secondary beams are more often delivered directly due to lower
criticality and greater delivery flexibility. Sensitivity analysis shows that increasing the weight of conditional value-at-risk
increases hub use, lowers tail risk, and reduces delay. Tightening the carbon limit shifts decisions toward shorter or more
emission-efficient routes.

4. Conclusion

This study proposed a risk-averse and low-carbon optimization model for supply chain and installation planning of
prefabricated steel components with selective fourth-party logistics collaboration. The model integrates factory selection, hub
activation, transportation routing, fleet allocation, shipment planning, inventory control, installation scheduling, delay
management, logistics risk, and carbon emission control in a unified framework. By incorporating conditional value-at-risk,
the model controls severe losses under adverse scenarios. By imposing a carbon constraint, it ensures environmental feasibility.

The findings demonstrate that selective collaboration outperforms both direct transportation and full hub-based
collaboration. Direct transportation is simple but vulnerable to disruptions, while full collaboration may increase cost and
emissions when all components are forced through hubs. Selective collaboration provides a balanced solution by assigning
critical and high-risk components to hub-based routes and allowing less critical components to be delivered directly. The
proposed approach can help project managers, steel contractors, component manufacturers, carriers, and fourth-party logistics
providers design resilient, cost-efficient, and environmentally responsible logistics plans for urban prefabricated steel projects.

Journal of Industrial Innovations 4(3) (2026) 120 — 143



Risk-Averse and Low-Carbon Optimization of Prefabricated Steel Component Supply Chain with Selective 4PL Collaboration 122

Future research may incorporate crane capacity, crew scheduling, real-time tracking, building information modeling, and
dynamic re-optimization.
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