
Supplemental Information: Multi-Scale Design for Clean Energy 

Systems: Industrial Electrification and Flexible Operation of 

Ammonia Synthesis 

Nicholas N. Kalamarisa, Christos T. Maraveliasa, b, * 

a Princeton University, Department of Chemical Engineering, Princeton, New Jersey, United States of America 
b Andlinger Center for Energy and the Environment, Princeton, New Jersey, United States of America 

* Corresponding Author: maravelias@princeton.edu.  

PARAMETERS & ASSUMPTIONS 

The parametric assump ons for our analysis are explained here. In addi on to this, all 

separa ons were assumed to be sharp splits, reactors and separators have linear behavior, and 

all gases and fluids are ideal.  

Unit Operations 

General equipment cos ng guidelines were adapted from [1, 2, 3]. All environmental costs 

associated with unit construc on and decommissioning were assumed to be zero.  

Table 1: Unit Costing Parameters 

Unit Operation Price ($) Reference Scale Factor  

Compressors & Turbines 1,000,000 1 MW 1 

Expanders 1,000 1 kmol/hr 0.5 

Electrolyzer 2,000,000 1 MW 1 

Haber-Bosch Reactor 7,500,000 1 kmol/hr 0.5 

Hydrogen Tank 550,000 1 m3 0.75 

Flash Column 10,000 1 kmol/hr 0.5 

Air Separation Unit 3,000,000 1 kmol/hr 0.5 

Heat Exchanger 70,000 1 MW 0.5 

Pumps 100,000 1 MW 0.5 

Photovoltaics 100 ∙ 10଺ 1 km2 1 

Concentrating Solar 30 ∙ 10଺ 1 km2 1 

Turbo-Generator 1,000,000 1 MW 1 

Heat Storage 30,000 1 MWh 1 

Batteries 200,000 1 MWh 1 

 

 

 



Table 2: Unit Efficiency Parameters 

Efficiency Parameters Value 

Compressor Efficiency 0.8 

Turbine Efficiency 0.8 

Pump Efficiency 0.8 

Battery Efficiency (One-Way) 0.95 

Heat Storage Efficiency (One-Way) 0.95 

Heat to Electricity Efficiency 0.5 

Electricity to Heat Efficiency 0.9 

Light to Electricity Efficiency 0.3 

Light to Heat Efficiency 0.4 

Heating Efficiency 0.8 

Cooling Efficiency 0.8 

Nitrogen Conversion (Haber-Bosch) 0.3 

Water Conversion (Electrolysis) 1 

 

Unit opera ons have constraints which enforce mass balance, energy balance, thermodynamic 

rela ons, and opera onal flexibility. These constraints are outlined in [3]. The Haber-Bosch 

reactor has an opera ng temperature and pressure of 425 oC and 250 bar.  

Net Present Value 

Capital expenditure is amor zed over the course of the horizon. The capital recovery factor 

(𝐶𝑅𝐹) is calculated as follows. 

𝐶𝑅𝐹 ൌ ఐሺఐାଵሻ೙

ሺఐାଵሻ೙ିଵ
          (SI.1) 

Here 𝜄 is the annual interest rate (5%) and 𝑛 is the investment life me (30 years). The ini al 

capital investment (𝐶𝐼) is calculated as: 

𝐶𝐼 ൌ ∑ 𝜌௜ሺ
େ౟
఑೔
ሻట೔௜∈𝐈          (SI. 2) 

Here, 𝜌௜ is the price, 𝜅௜ is the reference capacity, C୧ is the design capacity, and 𝜓௜ is the scale 

factor for a unit 𝑖. The capital expenditure for a period (𝐶𝐴𝑃𝐸𝑋௣) is then 

𝐶𝐴𝑃𝐸𝑋௣ ൌ 𝜏௣ ∙ 𝐶𝑅𝐹 ∙ 𝐶𝐼    ∀ 𝑝 ∈ 𝐏       (SI. 3) 

where 𝜏௣ is the duration of a period (5-years). We then calculate the revenue (𝑅𝐸௣) generated 

from the sale of ammonia and the expenses (𝐸𝑋௣) due to electricity purchase and emissions 

penal es. 

𝑅𝐸௣ ൌ 𝐶ேுଷ ∑ 𝜔୲M୲,୒ୌଷ୲∈𝐓౦
ౌ     ∀ p ∈ 𝐏        (SI. 4) 



𝐸𝑋௣ ൌ ∑ 𝜔୲ሺ𝜌௧ா௅ ൅ 𝜌௧
஼ைଶ𝛾௧ሻQ୲,ୋ୲∈𝐓౦

ౌ     ∀ p ∈ 𝐏       (SI. 5)  

Where 𝐶ேுଷ is the levelized cost of ammonia, M୲,୒ୌଷ is the ammonia produced, 𝜌௧ா௅ is the price 

of electricity, 𝜌௧
஼ைଶ is the emissions penalty (300 $/ton), 𝛾௧ is grid emissions, Q୲,ୋ is the 

electricity purchased from the grid, and 𝜔୲ is the weight, at time 𝑡. Corporate taxes (𝑇𝑋௣) are 

accounted for using: 

𝑇𝑋௣ ൒ 𝜉ሺ𝑅𝐸௣ െ 𝐸𝑋௣ሻ   ∀ p ∈ 𝐏         (SI. 6) 

where 𝜉 is the corporate tax rate (21%). Finally, we calculate the NPV as: 

𝑁𝑃𝑉 ൌ ∑ ଵ

ሺଵାఈሻ೛
ሺ𝑅𝐸௣ െ 𝐸𝑋௣ െ 𝑇𝑋௣ െ 𝐶𝐴𝑃𝐸𝑋௣ሻ௣∈𝐏      (SI. 7) 

where 𝛼 is the discount rate (0.1). 

Time Structure 

 

Figure 2: Time structure for a period using (a) 16 representative days and (b) 77 representative 

days. Power grid data (solar irradiance, emissions, price) was used from the CAISO data set 

and clustering methods in [3]. 
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