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a

Driven by the Paris Agreement for curbing global greenhouse gas (GHG) emissions, extensive research efforts
are undertaken in pursuit of a carbon-neutral future. The energy sector is the first to bear the brunt of climate
change due to its large share of GHG emissions, and a decarbonization strategy is urgently needed. In
compliance with three main lines of Corporate Social Responsibility, this study explores the environmental,
economic, and social impacts of hybrid energy systems decarbonization by integrating the environmental
sustainability, techno-economic and sociological considerations through a multi-objective optimization
framework. The proposed model simultaneously minimizes the total annualized costs, minimizes the scope 1,
2, 3 emissions for environmental justice, and maximizes medium opportunity hours by integrating life cycle
assessment and economic input-output analysis. The optimization results provide guidance for sustainable
design and operations of energy systems, identify environmental hotspots and associated mitigation strategies,
and inform the resulting social benefits. The applicability of the proposed modeling framework is illustrated
through case study using Cornell’s main campus.

1. Introduction
Extensive research on deep decarbonization of energy systems is conducted at the city-level (Wiryadinata et
al., 2019), state-level (Zhao and You, 2020), and country-level (Vaillancourt et al., 2017). Electrification of heat
and cooling generation and decarbonization of electricity generation is identified as a promising lever to address
the ambitious climate goals (de Chalendar et al., 2019). However, heat and cooling generation stand a chance
to destroy the stability of the power system due to the surge in electric load involved if electrified in an
uncontrolled way. Therefore, it seems to be a reliable and promising decarbonization option by exploring
renewable heat and cooling generation technologies rather than simply using electrified counterparts (Sánchez
et al., 2017). Among the vast array of renewable heat and cooling technologies, earth source heat (ESH) (Tester
et al., 2019) and deep water source cooling systems (Tian et al., 2019) show great potentials for the
decarbonization of energy systems. Recent research efforts have also identified the values of green hydrogen
(Andersson and Grönkvist, 2019), large-scale heat pumps (Nielsen et al., 2016), biomass and biogas (Kassem
et al., 2020), and thermal energy storage (Ochs et al., 2020) for decarbonizing the heating system. Biomass can
be converted into biogas through anaerobic digestion (Gunaseelan, 1997) or treated via torrefaction (Lukawski
et al., 2013) for direct combustion or combined heat and power (CHP) purposes. Thermal energy storage can
be defined as short-term and seasonal storage according to the charging and discharging cycle (Alva et al.,
2018) and is widely investigated for peak-load management and shaving (Lee et al., 2019). The force that drives
a community to invest more in pursuit of the goal of decarbonization is associated with its own brand image and
pressure from the public (Yue et al., 2014). However, most studies only handle the techno-economics and
environmental facet while neglecting its interaction with the whole society (You et al., 2012). There is currently
no existing study addressing the social impacts, such as its contribution to working opportunity, associated with
energy systems decarbonization in a quantitative and systematic manner.
Social life cycle assessment (LCA) is a systematic approach to evaluating the social impacts, either positive or
negative social indicators (Iribarren et al., 2022). To fill the gap, this study explores the sociotechnical details
and socioeconomics by integrating the techno-economic and sociological considerations through a multiobjective optimization framework in addition to environmental LCA. The optimization results unmask the enviro
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techno-economic details associated with the adoption of renewable energy for combined cooling, heating, and
power generation as well as the social objective’s impacts on the energy systems design.

2. Problem statement and model formulation
First, a superstructure for carbon-neutral energy systems is given, including a set of renewable electricity
generation technologies and a set of renewable and electrified heating and cooling options. The energy systems
design, operations, and retrofitting not only induce investment but also influence the total greenhouse gas
emissions and social impacts from the community it operates in. Based on the proposed superstructure of
carbon-neutral energy systems (Tian et al., 2022), we consider systems expansion to incorporate procurement,
commuting, air travel, electricity sales to the grid, municipal solid waste treatment, and wastewater treatment.
The schematic of the expanded systems is shown in Figure 1. We note that scope 1 emissions refer to direct
emissions from owned or controlled sources; scope 2 emissions refer to indirect emissions from the generation
of purchased energy; scope 3 emissions include upstream and downstream emissions for which an organization
has some control but also shares decision making or impact with other organizations, or individual choice (Sun
et al., 2022), including greenhouse gas (GHG) emissions from commuting, air travel, procurement of products,
electricity sales to the grid, municipal solid waste treatment, and wastewater treatment (Bora et al., 2020). The
model aims to assess and optimize the performance of the expanded systems in three aspects, namely
environmental impacts, economic performance, and social impacts. The multi-period optimization problem of
the proposed carbon-neutral energy system for simultaneous total annualized cost minimization, scope 1, 2, 3
emission minimization, and contribution of the sector to economic development maximization is formally stated
in this section. The key input parameters needed in the optimization model are summarized below.

Figure 1: Expanded systems boundary where the scope 1, 2, and 3 are shown in the dotted-line boxes
In this problem, we are given the following parameters:
•
Economic parameters for techno-economic analysis.
•
Annual electricity generation by renewable technologies, including the hydroelectric power plant, solar
farms, and wind farms.
•
Seasonal demand for electricity, heat, and cooling.
•
Electricity, heat, and cooling consumption of each technology.
•
Feedstock prices and prices of external utilities.
•
Efficiency of each electricity, heat, and CHP generation technology.
•
The cost associated with vehicles, procurement, commuting, air travel, municipal solid waste treatment,
wastewater treatment.
•
Direct working hour for specific process from the Product Social Impact Life Cycle Assessment
(PSILCA) database (Maister et al., 2020).
•
Social characterization factors from the soca or PSILCA database. The social impact factors retrieved
from the PSILCA V3 database are associated with 1 USD of process (or sector) output.
•
Emission factors based on economic input-output (EIO)-LCA model. The EIO-LCA tool used in this
study is developed by the Green Design Institute at Carnegie Mellon University.
•
Economic flows (social life cycle inventory) based on techno-economic results.
•
Emission factors associated with commuting, air travel, municipal solid waste treatment, wastewater
treatment, among others.
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Major decision variables include:
•
Consumption rates of torrefied biomass, biogas, and hydrogen.
•
Energy mix.
•
Capacities for other generation and storage technologies.
•
Annualized investment cost and annual operating cost.
•
Scope 1, 2, 3 emissions. The GHG emission analysis of scope 1 and 2 are estimated following the
IPCC 2013 method, while the scope 3 GHG emissions are calculated using the EIO-LCA method.
•
Social profiles depending on the selected social indicator.
In line with the problem statement, the proposed multi-objective multi-period optimization model is subjected to
six groups of constraints, namely mass balance and configuration constraints, energy balance constraints, logic
constraints, techno-economic constraints, environmental life cycle impact assessment constraints, and social
life cycle impact assessment constraints. In this study, the multi-objective multi-period optimization models are
coded and solved in GAMS 35. The general-purpose mixed-integer nonlinear programming (MINLP) solvers,
such as BARON and SCIP, are adopted.
min tac = aic + aoc + re + ct
min telci = elci

scope 1

scope 2

+ elci
+ elci
topdown
+ slci

bottomup

(1)
scope 3

max tslci = slci
s.t.
mass balance and configuration constraints
energy balance constraints
logic constraints
techno-economic constraints
environmental life cycle impact assessment constraints
social life cycle impact assessment constraints

(2)
(3)

where the total annualized cost (tac) consists of four terms: aio denotes the annualized investment cost, which
is calculated by multiplying the total investment cost with capital recovery factor; aoc refers to the annual
operating cost, which is calculated by adding up the total feedstock costs, utility costs, and O&M costs; re
indicates the replacement cost; ct refers to the carbon tax. Total life cycle environmental impacts are comprised
of scope 1, 2, and 3 emissions. The GHG emission analysis of scope 1 and 2 are estimated following the IPCC
2013 method, while the scope 3 GHG emissions are calculated using the EIO-LCA method. Total life cycle
social impacts are computed using a combined bottom-up and top-down approach. For bottom-up term, the
social impacts for specific unit process are linked to the social impact factor from soca database, an “add-on” to
the Ecoinvent database. For top-down term, the expenditure in each segment is multiplied by the corresponding
sector-level multiplier associated with 1 USD of process (or sector) output (from PSILCA V3 database) in terms
of medium opportunity hours. These two approaches are complementary, depending on the data availability.

3. Results and discussion
The proposed optimization model is adopted to handle the optimal design and operations of campus energy
systems of the future, using the real-world data for the Ithaca campus of Cornell University, New York State.
The case study aims to obtain the optimal solution of the multi-objective multi-period optimization problem with
a monthly model resolution for the proposed carbon-neutral energy systems with ESH (Lee et al., 2019), lake
source cooling (LSC), on-site electricity generation, and peak heating options, while identifying the economic,
environmental, and social hotspots. The electricity powering the whole campus energy systems and
accommodating the seasonal building demand is mainly purchased from the local electric power grid. On-site
generation is also considered based on the current practice of the main campus of Cornell University located in
Ithaca, including hydroelectric power plant, solar farms, and wind farms. ESH serves as the base-load heat
supplier due to its advantageous economic performance over an electrified heating system based on heat
pumps under the current electricity price (Zhao et al., 2021). According to the current practice at Cornell, LSC
serves as the base-load cooling supplier due to its high coefficient of performance and extremely low GHG
emissions (Tian et al., 2020). For Cornell case, scope 3 emissions account for the emissions from procurement
of goods, commuting, air travel, municipal solid waste treatment, and wastewater treatment. Considering the
highly aggregated data for procurement activities, EIO-LCA method is used to estimate the procurement related
scope 3 emissions.
By solving the multi-objective multi-period optimization problem, only one optimal energy system configuration
is determined, as shown in Figure 2. This is primarily because both the economic and social objectives are
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dominated by the contribution associated with ESH well-pairs as the base-load heat supplier, and the economic
and social objectives are not conflicting with each other. In the optimal design, four geothermal well-pairs serve
as the base-load heat supplier, and 493 ground-source heat pumps handle the peak-load heat demand.

Figure 2: Optimal configuration of campus energy systems
The breakdowns of the social indicator “contribution to economic development” in terms of medium opportunity
hours (mohs) are shown in Figure 3. Figure 3 facilitates the identification of social hotspots for the selected
social indicator. The optimal design of energy systems corresponds to four base-load ESH well-pair. During
one-year operation, there is a total of 32.3 million mohs generated. The geothermal well-pair drilling alone
contributes to 65.6 % of the total social impacts. To this end, the sensitivity of base-load heating capacity is
systematically analyzed. The number of ESH well-pair is selected as the investigated input parameter in the
sensitivity analysis. As the number of base-load geothermal well-pairs decreases to three, the social indicator
“contribution to economic development” decrease by 19.8 % in terms of mohs, and geothermal drilling
contributes to 61.3 % of the total value. When the number of geothermal well sets attains two, the social indicator
“contribution to economic development” becomes 38 % less compared to the optimal solution.
Figure 4 demonstrates the breakdowns of the total annualized cost. It is worth noting that as the number of ESH
well-pairs decreases from four (optimal solution) to two, the annualized investment cost decreases from 94.73
MUSD/y to 93.73 MUSD/y. The annual operating costs corresponding to the three cases are 29.27 MUSD/y,
28.57 MUSD/y, and 28.35 MUSD/y. When the number of base-load ESH well-pairs equals two and three,
torrefied biomass treated at 250 ºC for 30 min is selected, accounting for 3 % and 2 % of the annualized
investment cost, respectively. When the number of ESH well-pairs attains four, 493 ground source heat pumps
with a typical capacity of 19 kW in the North American region are employed to address the peak-load heat
demand.

Figure 3: Social life cycle profile with sensitivity analysis on the number of ESH well-pairs
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Figure 4: Techno-economic analysis results of the optimal solution for different numbers of ESH well-pairs

Figure 5: Greenhouse gas emissions of different power grid structures (column chart on the left) and breakdowns
of scope 3 emissions (on the right)
The GHG emissions are estimated considering three different electric power mix scenarios (Zhao et al., 2022),
as shown in Figure 5. Scenario 1 refers to the grid with 100 % renewable energy sources, scenario 2 refers to
an estimated New York State (NYS) electric power mix in 2035, and scenario 3 refers to the current NYS electric
power mix in 2020. We note that the only possible source of scope 1 emissions is the on-site torrefaction of raw
biomass. Since such technology is not selected in the optimal solution, the scope 1 emissions are zero for all
the scenarios. The breakdowns of scope 3 emissions are shown in Figure 5. The procurement of goods
corresponds to approximately 98 % of total emissions, making the contribution from the energy systems
negligible as well.

4. Conclusion
In this work, a superstructure of renewable hybrid energy systems with earth source heat, lake source cooling,
on-site renewable electricity generation, and sustainable peak heating systems was first proposed. Based on
the proposed superstructure, a multi-objective multi-period MINLP model was developed for simultaneous total
annualized cost minimization, scope 1, 2, 3 emission minimization, and contribution of the sector to economic
development maximization. The applicability of the proposed optimization framework was illustrated through a
case study using the real-world data from the main campus of Cornell University. The optimal design highlighted
the contribution of geothermal drilling to both social and economic objectives. There is a total of 32.3 million
medium opportunity hours generated. The geothermal system contributes to 65.6 % of the total social impacts.
References
Alva G., Lin Y., Fang G., 2018, An overview of thermal energy storage systems, Energy, 144, 341-78.
Andersson J., Grönkvist S., 2019, Large-scale storage of hydrogen, International Journal of Hydrogen Energy,
44, 11901-19.

1266

Bora R.R., Richardson R.E., 2020, Resource recovery and waste-to-energy from wastewater sludge via
thermochemical conversion technologies in support of circular economy: a comprehensive review, BMC
Chemical Engineering, 2, 8.
de Chalendar J.A., Glynn P.W., Benson S.M., 2019, City-scale decarbonization experiments with integrated
energy systems, Energy & Environmental Science, 12, 1695-707.
Gong J., You F., 2015, Sustainable design and synthesis of energy systems, Current Opinion in Chemical
Engineering, 10, 77-86.
Gunaseelan V.N., 1997, Anaerobic digestion of biomass for methane production: a review. Biomass and
bioenergy, 13, 83-114.
Iribarren D., Calvo-Serrano R., Martín-Gamboa M., Galán-Martín Á., Guillén-Gosálbez G., 2022, Social life cycle
assessment of green methanol and benchmarking against conventional fossil methanol, Science of The
Total Environment, 824, 153840.
Kassem N., Hockey J., Lopez C., 2020, Integrating anaerobic digestion, hydrothermal liquefaction, and
biomethanation within a power-to-gas framework for dairy waste management and grid decarbonization: a
techno-economic assessment, Sustainable Energy & Fuels, 4, 4644-61.
Lee I., Tester J.W., 2019, Systems analysis, design, and optimization of geothermal energy systems for power
production and polygeneration: State-of-the-art and future challenges, Renewable and Sustainable Energy
Reviews, 109, 551-577.
Lee I., Park J., 2019, A novel cryogenic energy storage system with LNG direct expansion regasification: Design,
energy optimization, and exergy analysis, Energy, 173, 691-705.
Lukawski M.Z., Vilaetis K., Gkogka L., 2013, A Proposed Hybrid Geothermal - Natural Gas - Biomass Energy
System for Cornell University. Technical and Economic Assessment of Retrofitting a Low - Temperature
Geothermal District Heating System and Heat Cascading Solutions, 38th Workshop on Geothermal
Reservoir Engineering, Stanford University, Stanford, CA (USA).
Maister K., Noi C.D., Ciroth A., Srocka M., 2020, PSILCA—a product social impact life cycle assessment
database. Database version 3, 1-123.
Nielsen M.G., Morales J.M., Zugno M., Pedersen T.E., Madsen H., 2016, Economic valuation of heat pumps
and electric boilers in the Danish energy system, Applied Energy, 167, 189-200.
Ochs F., Dahash A., Tosatto A., 2020, Techno-economic planning and construction of cost-effective large-scale
hot water thermal energy storage for District heating systems, Renewable Energy, 150, 1165-77.
Sánchez-Bautista A.d.F., Santibañez-Aguilar J.E., 2017, Optimal Design of Energy Systems Involving Pollution
Trading through Forest Plantations, ACS Sustainable Chemistry & Engineering, 5, 2585-2604.
Sun L., Kaufman M.F., Sirk E.A., 2022, COVID-19 impact on an academic Institution's greenhouse gas
inventory: The case of Cornell University, Journal of Cleaner Production, 363, 132440.
Tester J., Jordan T., Beyers S., 2019, Earth Source Heat: A Cascaded Systems Approach to DDU of Geothermal
Energy on the Cornell Campus, Cornell University.
Tian X., You F., 2019, Carbon-neutral hybrid energy systems with deep water source cooling, biomass heating,
and geothermal heat and power, Applied Energy, 250, 413-432.
Tian X., Meyer T., Lee H., 2020, Sustainable design of geothermal energy systems for electric power generation
using life cycle optimization, AIChE Journal, 66, e16898.
Tian X., Zhou Y., Morris B., 2022, Sustainable design of Cornell University campus energy systems toward
climate neutrality and 100% renewables, Renewable & Sustainable Energy Reviews, 161, 112383.
Vaillancourt K., Bahn O., Frenette E., Sigvaldason O., 2017, Exploring deep decarbonization pathways to 2050
for Canada using an optimization energy model framework, Applied Energy, 195, 774-85.
Wiryadinata S., Morejohn J., Kornbluth K., 2019, Pathways to carbon neutral energy systems at the University
of California, Davis, Renewable Energy, 130, 853-66.
You F., Graziano D.J., 2012, Optimal design of sustainable cellulosic biofuel supply chains: Multiobjective
optimization coupled with life cycle assessment and input-output analysis, AIChE Journal, 58, 1157-1180.
Yue D., Slivinsky M., Sumpter J., 2014, Sustainable Design and Operation of Cellulosic Bioelectricity Supply
Chain Networks with Life Cycle Economic, Environmental, and Social Optimization, Industrial & Engineering
Chemistry Research, 53, 4008-4029.
Zhao N., You F., 2020, Can renewable generation, energy storage and energy efficient technologies enable
carbon neutral energy transition? Applied Energy, 279, 115889.
Zhao N., 2021, New York State's 100% renewable electricity transition planning under uncertainty using a datadriven multistage adaptive robust optimization approach with machine-learning, Advances in Applied
Energy, 2, 100019.
Zhao N., You F., 2022, Toward carbon-neutral electric power systems in the New York State, ACS Sustainable
Chemistry & Engineering, 10, 1805-1821.

