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ABSTRACT 
Behind-the-meter generation from variable renewable energy is a potential pathway for new data 
centers to obtain power more quickly and more sustainably than interconnecting to existing elec-
trical grids. Energy storage is needed to accommodate the variability of wind and solar energy 
across multiple timescales. Hydrogen from electrolysis and ammonia made from this hydrogen can 
be used as fuel for dispatchable power generation while offering lower $/MWh storage costs than 
batteries. In this work, we analyze the economics of using hydrogen, and/or ammonia along with 
batteries in hybrid energy storage systems to enable data centers to be powered by 100% renew-
ables. We perform this analysis using an optimization model for the selection, sizing, and coordi-
nated hourly operation of constituent energy storage technologies toward minimizing the levelized 
cost of energy (LCOE). The model uses an hourly resolution scheduling horizon of five years to 
account for hourly, seasonal, and interannual renewable variability. We use this model to specifi-
cally analyze the economics of to 5 MW, 50 MW, and 500 MW sustainable data center energy 
systems in three relevant American locations. We find that including ammonia energy storage in 
hybrid systems with batteries and hydrogen enables lower LCOE across all scales and locations 
by reducing energy storage capital investments despite deploying an order-of-magnitude more 
storage capacity while also enabling less investment in renewable generation. Ammonia is used 
for seasonal and interannual energy storage and its inclusion in these hybrid storage systems is 
most advantageous for larger-scale data centers in locations with high wind potential. 

Keywords: Optimization, Energy Storage, Renewable and Sustainable Energy, Technoeconomic Analysis, Al-
ternative Fuels 

INTRODUCTION 
In the United States, the development of renewable 

generation projects outpaces the addition of the new 
transmission infrastructure needed to maximize the use 
of this renewable power within existing electrical grids 
[1]. In fact, the average wait time for grid interconnection 
requests for U.S.-based generation projects is five years 
[2]. The wait time of this interconnection queue is similar 
for large industrial customers who wish to purchase 
power from the grid. As a result, new industrial power us-
ers who wish to more quickly begin operations prefer 
“behind-the-meter” power supply wherein they are di-
rectly connected to a generation source. Data centers are 
an increasingly important example of these industrial 
consumers. At present, they are being rapidly deployed 
to facilitate the growing adoption of artificial intelligence. 

By 2030, data centers are projected to be responsible for 
at least 10% of total U.S. energy consumption [3, 4]. Us-
ing behind-the-meter renewables to provide power for 
data centers provides an opportunity to ensure that this 
growing customer segment is sustainable from an energy 
perspective while also lessening the impact of intercon-
nection constraints on the continued development of re-
newable generation projects. 

Energy storage technologies are a necessary aspect 
of meeting data center power demands, which are gen-
erally constant over time, using variable renewable en-
ergy. This variability manifests over multiple timescales 
from within a day to between consecutive years. Batter-
ies are the most well-developed energy storage technol-
ogy and are well-suited for managing short-term varia-
bility, but their deployment is limited by high energy stor-
age costs for long-term supply-demand imbalances. As 
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such, previous research on energy storage systems for 
data centers has considered the use of dispatchable fos-
sil-based generation to limit the required size of battery 
installations [5, 6]. Hydrogen obtained from water via re-
newable-powered electrolysis can act as dispatchable 
fuel source without incurring any carbon dioxide emis-
sions upon reconversion to electrical power. The eco-
nomics of hydrogen energy storage have previously been 
investigated in the context of data centers [7, 8]. In [7], 
hydrogen storage was used in a grid-connected data 
center to facilitate demand response. In [8], hydrogen 
storage was coupled with bifacial PV in Arctic locations 
to enable 100% renewable operation. To this end, over 1, 
000 metric tons (mt) of hydrogen storage was needed, 
which may not be suitable for all locations. Furthermore, 
analysis in [8] did not consider interannual solar genera-
tion variability, the management of which could require 
even more energy storage capacity in a behind-the-me-
ter, 100% renewables system. 

Converting hydrogen to ammonia by combining it 
with nitrogen separated from air can facilitate higher en-
ergy storage capacities than hydrogen itself. Ammonia 
energy storage has been of particular interest over the 
past decade for high capacity, long duration energy stor-
age due to higher achievable storage volumes as well as 
lower storage costs [9]. As with hydrogen, ammonia can 
be used for dispatchable power generation via fuel cells 
or combustion [10, 11]. To our knowledge, the economics 
of ammonia energy storage in the context of data centers 
have not been previously analyzed. We have previously 
investigated the economics of ammonia energy storage 
for 100% renewable energy storage in 1 MW residential 
microgrids U.S. throughout the continental U.S. [12] and 
combined heat and power systems in remote U.S. loca-
tions [13]. Ammonia energy storage economics have also 
been analyzed in facilitating the energy transition of dif-
ferent provinces in Spain [14], enabling exclusively solar 
power to meet 4 MW residential power demand in Flor-
ence, Italy [15], and using ammonia for both energy stor-
age and export in Can Dao, an archipelago off Vietnam’s 
Southern Coast [16].  

These previous efforts employed quantitative mod-
eling approaches to determine the best deployment of 
ammonia energy storage to manage renewable variabil-
ity. Specifically, these works used optimization models 
wherein technology selection, sizing, and operational 
scheduling decisions are made simultaneously toward 
lowest cost. This is the state-of-the-art approach for 
modeling renewables-based chemical production and 
utilization [17, 18]. In the context of ammonia energy stor-
age, this optimization approach has been implemented 
using mixed integer linear programming (MILP) models 
solved via branch-and-cut algorithms [12-14, 16] or using 
software based on hierarchical operational rules for 
scheduling [15]. 

Scheduling decisions in these optimization models 
are typically made over a yearlong horizon with hourly 
resolution, including in [12-16]. This allows optimal en-
ergy storage system design to account for renewable 
variability across hourly to seasonal timescales. A repre-
sentative year which agglomerates multiple years of his-
torical or forecasted weather data is usually selected for 
this purpose. However, previous work on ammonia en-
ergy storage has not considered interannual variability in 
renewable generation. In general, renewable potential 
can vary considerably over consecutive years and its 
consideration in the design of renewable energy systems 
can increase reliability [19]. Interannual variability has 
only been previously considered in the economic analysis 
of renewable ammonia production [20]. We hypothesize 
that ammonia’s low storage cost can facilitate economi-
cal interannual energy storage. 

In this work, we investigate the economics of using 
hydrogen and/or ammonia along with batteries in hybrid 
energy storage systems to facilitate meeting data center 
power demands using only renewable energy. We spe-
cifically formulate a combined design and scheduling 
model which employs multiple years of historical, hourly 
resolution time series data to capture interannual renew-
able variability as well as hourly and seasonal variability 
which have been considered in previous work. We use 
this model to analyze the optimal economics of sustaina-
ble data center energy systems at 5 MW, 50 MW, and 
500 MW power demand scales in three American metro-
politan areas: Northern Virginia (NoVa), Dallas-Fort Worth 
(DFW), and Las Vegas. The goal of this work is to deter-
mine the merit of hydrogen and ammonia energy storage 
toward providing economical and sustainable energy for 
data centers, the most rapidly growing segment of indus-
trial power consumption. 

CASE STUDY DESCRIPTION 

Battery-H2-NH3 Energy Storage 
The energy storage system we analyze in this work 

must meet data center power demand using energy gen-
erated exclusively from wind and solar resources and en-
ergy storage (see Figure 1). Energy can be stored directly 
in its electrical form using battery storage. It can also be 
used to produce hydrogen via water electrolysis which 
can be stored as gas at 200 bar and used for dispatcha-
ble power generation. Electrical energy can also be used 
to separate nitrogen from air and combine it with hydro-
gen to make ammonia, the synthesis of which is also 
electrically powered. Ammonia can be stored as liquid 
and used for dispatchable power generation.  
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Figure 1. Conceptual diagram of 100% renewable energy 
system with battery, hydrogen, and ammonia energy 
storage pathways. 

Combined Optimal Sizing & Scheduling Model 
The optimization model we use minimizes the lev-

elized cost of energy (LCOE) of meeting data center 
power demands using behind-the-meter renewables and 
hybrid energy storage. The LCOE includes capital invest-
ments (CapEx) of all technologies in Figure 1, annualized 
by a capital recovery factor (CRF), as well as annual op-
erating costs (OpEx): 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 � $

��ℎ
� = ����� × ���+����

������
   (1) 

The model simultaneously optimizes the selection, 
sizing, and operational scheduling of all constituent tech-
nologies in Figure 1. Optimal scheduling decisions for bat-
tery state-of-charge and charge/discharge rates, chem-
ical production rates and storage inventories, and dis-
patchable power generation rates are made across a 
multi-year horizon of hourly resolution renewable availa-
bility time series data. 

Hourly power balance constraints ensure that re-
newable generation plus battery discharge plus dis-
patchable hydrogen- or ammonia-fueled power genera-
tion meet or exceed constant data center power demand 
plus battery charge plus chemical production power de-
mands. Hourly mass balance equations for hydrogen and 
ammonia govern the accumulation of their storage inven-
tory between consecutive hours. This storage inventory 
is constrained to be cyclical between the first and last 
hour of the multi-year operating horizon. Chemical pro-
duction and dispatchable power generation technologies 
are constrained to operating limits defined by their re-
spective operational flexibility. This model is formulated 
as a MILP and solved using CPLEX in GAMS. Please see 
our previous work [12] for more technical details, includ-
ing model equations.  

U.S. Data Centers Case Study Data 
We perform a case study considering data centers 

with power demand scales of 5 MW, 50 MW, and 500 MW 
in NoVa, Dallas-Fort Worth, and Las Vegas. NoVa has 
highest current data center capacity in United States. 

DFW and Las Vegas respectively have high wind and so-
lar potential, and data center capacity is rapidly growing 
in both metropolitan areas. We optimize the LCOE of 
meeting data center power demands via (i) battery, (ii) 
battery-hydrogen, and (iii) battery-hydrogen-ammonia 
energy storage systems using five years of historical re-
newable generation data from 2019 to 2024 in each lo-
cation. The annual average wind and solar capacity fac-
tors in NoVa, DFW, and Las Vegas are respectively 39%, 
45%, and 27% and 16%, 18%, and 22% [21]. 

Table 1: Capital and operating cost coefficients for re-
newable generation, battery charge/discharge capacity 
and electrolysis at different power demand scales. Data 
for all technologies except for electrolysis are from [22] 
while electrolysis data are from [23]. 

Technology at CapEx OpEx 
Demand Scale (MW) ($MM/MW) (%CapEx) 

Wind ()   
Wind (>)   
PV ()   
PV (>)   
Battery - Power ()   
Battery - Power (>)   
Electrolysis ()   
Electrolysis ()   
Electrolysis ()   
ICE Genset ()   
CCGT (>)   

 
The capital and operating costs of energy system 

technologies depend on scale (see Table 1). Battery en-
ergy capacity (in MWh) has a capital cost of $0.18/MWh 
and $0.26/MWh respectively at the 5 MW and >50 MW 
demand scales [22]. Batteries have a charge efficiency 
of 90% and a discharge efficiency of 95%. PEM electrol-
ysis is considered in this work for its wide operating 
range and fast dynamics. Its energy efficiency is as-
sumed to be 51 MWh/mtH2 [23]. High pressure gaseous 
hydrogen storage has a capital cost of $0.9MM/mtH2. 
Reconversion of hydrogen and ammonia to electrical 
power occurs through combustion in internal combustion 
engine gensets at the 5 MW scale and combined cycle 
gas turbine (CCGT) plants at 50 MW and 500 MW scales. 
ICE genset and CCGT efficiencies are respectively 35% 
and 60% of LHV. ICE gensets have 90% turndown (i.e., 
can operate between 10% and 100% of installed capacity) 
while CCGTs have 60% turndown. The capital costs of 
nitrogen and ammonia production are subject to conven-
tional power law cost scaling (see Table 2). Each tech-
nology has an annual operating cost of 2% of capital cost. 
Nitrogen and ammonia storage have capital costs of 
$5x10-2MM/mtN2 and $1.5x10-3MM/mtNH3 respectively 
[24]. 

Total energy system capital cost is annualized by a 
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CRF of 0.073 y-1. This corresponds to a project lifetime of 
30 years with a 6.04% weighted average cost of capital 
(WACC). This is the average WACC for green and sus-
tainable energy projects in the United States [25]. 

RESULTS AND DISCUSSION 
Incorporating hydrogen and ammonia as lower cost 

energy storage media into hybrid renewable energy stor-
age systems for sustainable data centers results in 
meaningfully lower LCOE than using battery storage 
alone (see Table 3). Combining hydrogen storage with 
battery storage results in a 44% LCOE reduction. This is 
driven by considerably lower solar generation and bat-
tery costs. Battery energy storage is too expensive to in-
clude enough capacity to store close to all generated 
MWh of renewable energy specifically due to variability 
over longer timescales. The battery-only energy storage 
system thus overbuilds solar generation to enable more 
demand to be met via direct generation and respectively 
curtails 62% and 73% of wind and solar over its modeled 
operational lifetime. Nonetheless, more than 2 GWh of 
battery storage is still required. In contrast, the battery-
hydrogen system installs around 4x more total energy 
storage capacity despite 5x less battery capacity than 
the battery system to facilitate more effective renewable 
utilization. The optimal solar generation capacity for the 
battery-hydrogen system is 77% less than the battery-
only system while optimal wind and solar curtailment are 
33% and 22% respectively. Overall, the hybrid battery-
hydrogen system still uses batteries for short-term stor-
age and hydrogen for longer-term storage. 

Using ammonia in a hybrid battery-hydrogen-am-
monia energy system further reduces the LCOE by 24%. 

The same general trends as described in the previous 
paragraph are more pronounced. Ammonia’s low storage 
cost results in approximately 20x more total optimal stor-
age capacity than the battery-only system as well as ap-
proximately 5x more total storage capacity than the bat-
tery-hydrogen system despite 97% less hydrogen stor-
age. Consequently, renewable energy generation capac-
ities and curtailment are both reduced relative to the en-
ergy systems where energy storage technologies have 
higher $/MWh storage costs. Comparing battery-hydro-
gen and battery-hydrogen-ammonia systems specifi-
cally, we note that incorporating ammonia allows for con-
siderably more effective use of wind energy with 37% 
less wind capacity installed and wind curtailment re-
duced from 33% to 10%. Wind potential in NoVa exhibits 
more seasonal and interannual variability than solar po-
tential, and ammonia is more cost effective at balancing 
supply-demand mismatches that occur over longer time-
scales.  

Interestingly, the optimal hybrid battery-hydrogen-
ammonia energy system does not install any hydrogen-
to-power capacity. In this system, the installed hydrogen 
storage only acts as a buffer between electrolysis and 
the less flexible Haber-Bosch synthesis. This occurs be-
cause, for the combustion technologies considered in 
this work, the roundtrip efficiency of the hydrogen stor-
age pathway is only 39% compared to 32% for the am-
monia storage pathway, but hydrogen storage cost is 
100x higher on a $/MWh basis. Ultimately, the hybrid bat-
tery-hydrogen-ammonia system uses battery storage for 
short-term cycling and ammonia for longer-duration stor-
age with hydrogen only acting as an intermediate. Spe-
cifically, batteries are cycled on short timescales to take 
advantage of their high roundtrip efficiency. Figure 2 

Table 2: Capital cost correlations and performance data for nitrogen and ammonia production technologies [24]. 

 Capacity CapEx Scaling Efficiency Turndown 
 (mt/y) (MM$) Exponent (MWh/mt) (%) 

Pressure swing adsorption (PSA)      
Cryogenic distillation      
Haber-Bosch synthesis      

Table 3: Optimal LCOE, renewable generation and energy storage capacity, and renewable curtailment for 50 MW 
data centers in Northern Virginia. Hydrogen and ammonia storage capacities in MWh are based on LHV. 

Storage Pathway Battery Battery-H Battery-H-NH 
LCOE ($/MWh)    
Wind (MW)    
PV (MW)    
Battery (MWh)    
H Storage (MWh)    
NH Storage (MWh)    
Wind Curtailment (%)    
PV Curtailment (%)    
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shows the optimal ammonia energy storage schedule 
over for optimal operation from 2019 to 2024. It is evident 
that ammonia is accumulated through the first half of 
each year before being consumed to accommodate for 
seasonally low wind generation in second half of each 
year. From an interannual standpoint, the ammonia in-
ventory is depleted by the end of 2021 to account for its 
lowest wind capacity factor while the highest net ammo-
nia accumulation occurs in 2022 because its capacity 
factor is the highest. 

Analysis of Power Demand Scale 
Sustainable data center using 100% renewables and 

energy storage exhibit clear economies of scale (see Fig-
ure 3a). The LCOE for the 5 MW demand scale is consid-
erably higher than for 50 MW and 500 MW demand 
scales regardless of the energy storage pathways under 
consideration. At this small scale, all technologies from 
wind and solar generation through to ammonia synthesis 

have higher capital intensity. The loss in economies of 
scale for nitrogen and ammonia production is particularly 
impactful. Data center energy systems at the 5 MW de-
mand scale benefit least from the incorporation of am-
monia relative to LCOE reductions at 50 MW and 500 MW 
demand scales. Additionally, the hybrid battery-hydro-
gen-ammonia storage system at the 5 MW demand scale 
uses both hydrogen- and ammonia-to-power combus-
tion technologies, unlike the larger systems which only 
use ammonia for dispatchable power generation. This 
occurs to reduce the capacity and accompanied higher 
capital intensity of small-scale ammonia synthesis de-
spite hydrogen having a higher storage cost.  

The economic outlook of powering 50 MW and 500 
MW data centers with renewables is similar. Renewable 
generation and batteries exhibit little to no cost savings 
with this scaleup while electrolysis does exhibit some 
economies of scale. This is evident in comparing the bat-
tery and battery-hydrogen LCOEs which are reduced by 

 
Figure 2. Optimal ammonia energy storage schedule for 50 MW data center using battery-hydrogen-ammonia 
storage pathway in Northern Virginia. Ammonia storage capacity in MWh based on LHV. 
 

Figure 3: Breakdown of optimal LCOE for (a) 5 MW, 50 MW, and 500 MW data centers in Northern Virginia and (b) 
50 MW data centers in Northern Virginia, Dallas-Fort Worth, and Las Vegas. Nitrogen production and storage as 
well as Haber-Bosch synthesis are included in “NH3 Production”. 
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less than $10/MWh with the 10x scaleup from 50 MW to 
500 MW. Ammonia energy storage is well-suited for large 
centers on the order of 500 MW. Incorporating ammonia 
at this scale results in deeper cost reductions relative to 
smaller scales. Ammonia is also important for energy 
storage at hyperscale data centers from an optimal ca-
pacity standpoint. The optimal battery and hydrogen 
storage capacities are 21, 000 MWh and 3, 200 mtH2 re-
spectively when these are the standalone storage path-
ways for 500 MW NoVa data centers. These capacities 
are not realistic relative to current deployments, requiring 
7x more battery capacity [26] and 10x more hydrogen 
storage capacity [27] than the largest facilities for each 
currently operational in the United States. Conversely, 
the hybrid battery-hydrogen-ammonia data center re-
quires only 2, 800 MWh battery and 100 mtH2 because 
long-duration, high-capacity storage can be facilitated 
by 105, 000 mtNH3 ammonia storage. 

Large-scale data centers are also best suited to am-
monia energy storage from a safety standpoint. The am-
monia synthesis and storage capacities these data cen-
ters would require are similar to those already used in the 
ammonia fertilizer supply chain. In contrast, using ammo-
nia for energy storage across many small data centers 
would increase the number of facilities at which ammonia 
must be stored and handled and would thus increase the 
associated risk.  

Analysis of Data Center Location 
Hybrid battery-hydrogen and even more so hybrid 

battery-hydrogen-ammonia storage offers the same 
qualitative advantages across the three studied loca-
tions. Storage pathways with lower storage costs than 
batteries enable more complete utilization of lower opti-
mal renewable generation capacities, which results in 
lower generation cost contributions to the LCOE, espe-
cially for solar (see Figure 3b). Battery storage cost con-
tributions are also meaningfully less when storage can 
occur in the form of hydrogen and/or ammonia. When the 
ammonia storage pathway is considered, the optimal en-
ergy storage systems for 50 MW demand data centers in 
DFW and Las Vegas only use ammonia for dispatchable 
power generation as was previously discussed for the 
optimal hybrid battery-hydrogen-ammonia NoVa energy 
storage system. 

The location of data centers does have a quantita-
tive effect of the economics of sustainable data centers 
for each storage pathway (see Figure 3b). For battery-
only storage systems, NoVa has the highest LCOE. Both 
DFW and Las Vegas have higher solar potential and less 
seasonal solar variation, making these locations better 
suited to batteries alone. Hydrogen and even more so 
ammonia energy storage enables better use of wind gen-
eration. This results in Las Vegas having the highest 
LCOE for these hybrid systems because its wind potential 

is lower than NoVa or DFW and must install considerably 
more solar generation as a result. Conversely, DFW has 
better wind and solar potential than NoVa and consider-
ably better wind potential than Las Vegas. This results in 
the DFW system having the lowest LCOE regardless of 
the storage pathways under consideration because 
these systems have lower total renewable generation 
and total energy storage costs. Nonetheless, hybrid bat-
tery-hydrogen-ammonia energy storage results in a 
NoVa LCOE only 9% higher than the DFW LCOE. In com-
parison, the NoVa battery LCOE is 36% higher than the 
DFW battery LCOE. Overall, ammonia storage makes sus-
tainable data centers more economically competitive in 
more locations. 

CONCLUSIONS 
In this work, we analyze the economics of using hy-

drogen and/or ammonia along with batteries in hybrid en-
ergy storage systems to meet data center power de-
mands using 100% behind-the-meter renewable energy. 
We perform this analysis through the lens of an economic 
optimization model which minimizes the levelized cost of 
energy (LCOE) by simultaneously making technology se-
lection, sizing, and operational scheduling decisions. Op-
timal scheduling occurs for a five-year operating horizon 
with hourly resolution based on time series data for his-
torical renewable availability to ensure that optimal se-
lection and sizing decisions account for hourly, seasonal, 
and interannual variability. We use this model to deter-
mine the optimal LCOE of using 100% renewable and hy-
brid energy storage systems for data centers with 5 MW, 
50 MW, and 500 MW power demand in Northern Virginia 
(NoVa), Dallas-Fort Worth (DFW), and Las Vegas 

We find that hybrid battery-hydrogen and battery-
hydrogen-ammonia energy systems provide lower LCOE 
than using batteries alone for all scales and locations. 
These lower storage cost pathways enable larger storage 
capacity so that more energy can be economically stored 
and used rather than curtailed, resulting in less invest-
ment in renewable generation. Hybrid battery-hydrogen-
ammonia systems provide the lowest LCOE and ammonia 
provides at least 95% of total energy storage capacity in 
these hybrid systems due to its low storage cost. Ammo-
nia energy storage is best suited to large-scale data cen-
ters due to the economies of scale for nitrogen and am-
monia production. It is also best suited to locations with 
high wind potential, the seasonal and interannual varia-
bility of which can be economically balanced with data 
center power demands via ammonia storage.  

Future work will compare the viability of ammonia 
energy storage with conventional fossil fuel technologies 
as well as small modular nuclear reactors in the context 
of data centers across different U.S. locations. This fu-
ture work will include techno-economic analysis of these 
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energy storage pathways under a consistent set of as-
sumptions. We will also compare the emissions and water 
intensity of these different energy storage pathways 
through a life cycle assessment framework.  
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