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Optimally deploy a process system across decentralized sites with 
different geographical, environmental & operating requirements
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Process Family Design includes the benefits of both

A set of products that share one or more common “element(s)” yet target a 

variety of different market segments

Each vehicle shares a basic components

The rest is customized for a specific model

Background: Product Family Design[2,3]

Product Family

Process Family

Variety
Performance 

requirements, capacity, etc.

Commonality
Units in the system

✓ Identify factors affecting system design
✓ Identify unit types to share
✓ Optimally design each unit & allocation to installations simultaneously

𝑽: set of process variants identified by unique performance targets & feed conditions

𝑨𝒗: Set of feasible alternatives (i.e. combination of designs 𝒅𝒌,𝒋) for a variant 𝐯 ∈ 𝑽

+ +

alternative for 𝑣

𝑲: Set of unit types considered for shared design for all variants in the process family

+ +

NOT alternative for 𝑣

෍

𝑗∈𝐽𝑘

𝑧𝑘,𝑗 ≤ 𝑁𝑘
s.t.

∀ 𝑘 ∈ 𝐾

෍

𝑎∈𝐴𝑣

𝑥𝑣,𝑎 = 1 ∀ 𝑣 ∈ 𝑉

𝑥𝑣,𝑎 ≤ 𝑧𝑘,𝑗 ∀ 𝑣 ∈ 𝑉, 𝑎 ∈ 𝐴𝑣, 𝑘, 𝑗 ∈ 𝑄𝑎

0 ≤ 𝑥𝑣,𝑎 ≤ 1 ∀ 𝑣 ∈ 𝑉, 𝑎 ∈ 𝐴𝑣

𝑧𝑘,𝑗 ∈ {0,1} ∀ 𝑘 ∈ 𝐾, 𝑗 ∈ 𝑆𝑗

Select units for manufacture

Select 1 alternative

Alternative must be manufactured

At optimality, the solution will converge to 
binary under mild assumptions

Refrigeration System
Transcritical CO2

Outside Air Temperature

Refrigeration CapacityEvaporator Condenser Compressor

Common Units

Minimize the total weighted cost of all
variants in the process family

෍

𝑣∈𝑉

𝑤𝑣 ෍

𝑎∈𝐴𝑣

𝑐𝑣,𝑎𝑥𝑣,𝑎min.

✓ Reduced manufacturing costs 
o Economies of numbers (modular concepts at unit level)

o Economies of scale (customization to design range)

✓ Reduced engineering design costs

✓ Multiple scalable optimization formulations[4,5]

✓ Order of magnitude reduction in data requirements[5]

✓ Economies of numbers yields approx. 8% savings of 

projected total annualized cost [7,8]

❑ Incorporate economies of numbers savings into formulation

❑ Expand to more large-scale industrial case studies (decomposition)
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Formulation 1

min. ෍

𝑖∈𝐼

𝑤𝑖𝑐𝑖

𝑐𝑖 = 𝑔𝑐 𝑏𝑖, 𝑑𝑖,1, … , 𝑑𝑖,𝑘s.t. ∀ 𝑖 ∈ 𝐼

𝑝𝑖 = 𝑔𝑝 𝑏𝑖 , 𝑑𝑖,1, … , 𝑑𝑖,𝑘 ∀ 𝑖 ∈ 𝐼

𝑌𝑖,𝑘,𝑗
𝑑𝑖,𝑘 = መ𝑑𝑘,𝑗

⋁

𝑗 ∈ 𝐽𝑘
∀ 𝑖 ∈ 𝐼, k ∈ 𝐾

መ𝑑𝑘,𝑗
𝐿𝐵 ≤ መ𝑑𝑘,𝑗 ≤ መ𝑑𝑘,𝑗

𝑈𝐵 ∀ 𝑘 ∈ K, 𝑗 ∈ 𝐽𝑘

𝑝𝑖
𝐿𝐵 ≤ 𝑝𝑖 ≤ 𝑝𝑖

𝑈𝐵 ∀ 𝑖 ∈ 𝐼

𝑌𝑖,𝑘,𝑗 ∈ {True, False} ∀ 𝑖 ∈ 𝐼, k ∈ 𝐾, 𝑗 ∈ 𝐽𝑘

መ𝑑𝑘,𝑗−1 ≤ መ𝑑𝑘,𝑗 ∀ k ∈ 𝐾, 𝑗 ∈ 𝐽𝑘: 𝑗 > 1

Cost surrogate

Performance surrogate

Assignment of unit designs to variant

Design boundaries

Performance boundaries

Formulation 2: Piecewise Linear Surrogates[5]

Computational expensive simulations.

Discrete sets limit optimal design decisions.

Order of magnitude less data required.

Approx. continuous design space.

Reduced data set Train PWL performance & cost surrogate
Import MIP-represented PWL 

surrogate into formulation

Formulation 2

Formulation 1 Formulation 2

Total Cost = $4.17M

Evaporator Designs

Condenser Designs

Compressor Designs

51.2 𝑚2 71.12 𝑚2

20.0 𝑚2 23.54 𝑚2

67.91
𝑚𝑜𝑙

𝑠
108.54

𝑚𝑜𝑙

𝑠

Evaporator Designs

Condenser Designs

Compressor Designs

50 𝑚2 80 𝑚2

20 𝑚2 25 𝑚2

60
𝑚𝑜𝑙

𝑠
105

𝑚𝑜𝑙

𝑠

Total Cost = $4.06M

Simulation Time ~67,200s

Gurobi© Solve Time 14.66s

Total Time ~18.7hrs

Simulation Time ~6,700s

Gurobi© Solve Time 71.70s

Total Time ~2hrs
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