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Abstract 

Global digital data generation has been growing at a breakneck pace. Although not all generated data needs to be 

stored, a non-trivial portion does. Synthetic deoxyribonucleotide acid (DNA) is an attractive medium for digital 

information storage. If kept under appropriate conditions, DNA can reliably store information for thousands of 

years [1]. It also has a practical estimated density of 1 Exabyte per cubic inch, which is much higher than com-

mercial data storage media. 

 

Buildings, infrastructure, electronic computing, storage, and networking equipment, and other physical resources 

all contribute to the environmental impacts, particularly, emissions, energy and water consumption, and waste 

generation of digital data storage. DNA data storage has the potential to limit these impacts by drastically reducing 

the resources required to maintain very large volumes of data.  

 

In this paper, we describe how to store digital information in synthetic DNA, present a cradle-to-grave life cycle 

assessment (LCA) of archival DNA data storage, and compare the resulting environmental impacts with those of 

traditional hard disk drives (HDDs) and tape storage based on greenhouse gas (GHG) emissions, energy usage, 

and blue water consumption (BWC). We conclude that DNA shows promise when compared to HDDs and tape, 

and we follow that conclusion with a discussion of how further innovation in biotechnology could be used to 

improve the sustainability of future datacenters. 

 

1 Introduction 

The rate of digital information generation far outpaces 

increases in our capacity to store it. According to IDC, 

the “Global DataSphere” (all digital data generated 

globally) is expected to grow from 44 Zettabytes (1021 

bytes) in 2020 to 175 Zettabytes in 2025 (approxi-

mately 32% per year) [2]. IDC predicts that about 10% 

of all data will be stored, and 49% of that will be in 

public clouds. This will result in demand for over 8 Zet-

tabytes of storage. Currently, magnetic media such as 

HDDs and tape are used for a large percentage of long-

term cloud data storage. However, these technologies 

may be unsuitable for the world’s increasing storage 

requirements.  

Two notable data storage evaluation metrics are data 

density and durability. Figure 1 compares storage tech-

nologies: each bar represents the data density of each 

storage technology broken into recent volumetric data 

density information and projected volumetric data den-

sity (based on limitations in scaling practical storage 

systems). The bottom text shows the typical durability 

for each technology. Tape storage, currently the densest 

commercial storage medium at a demonstrated density 

of over 37 Gigabits/mm3 [3], also has the best durabil-

ity. Unsurprisingly, tape is typically used for archival 

storage. However, data stored on tape still needs to be 

rewritten onto new media every few years, which can 

take days. Millions of cartridges would be needed for 

the 8 Zettabytes of data that IDC predicts will be stored 

in public clouds by 2025. Other commercial storage 

technologies could be used to store this data, but that 

may only aggravate the problem because they are either 

less dense or durable than tape.  

 

       

       

       

       

       

       

       

       

       

       

       

       

       

                                              

 
 
  

 
 

                    

                                           

                 

               

          

       

        

Figure 1: Comparison of data capacity and durability 

across data storage technologies. 
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DNA has been investigated as an alternative archival 

data storage medium [4]–[7]. As shown in Figure 1, 

DNA has a theoretical density of over 1 Exabyte/mm3 

(i.e., 1,000,000,000 Gigabyte/mm3) and durability on 

the order of hundreds to thousands of years — both of 

which make it quite attractive for this application. A 

practical implementation requires overheads such as 

metadata, including object identifiers, addresses, and 

logical redundancy for error correction, physical spac-

ing and physical redundancy. Fortunately, even at this 

lower effective density, DNA still offers a clear ad-

vantage over other commercial media at an estimated 

density of over 1 Exabyte/in3.   

The main environmental impacts of data storage librar-

ies result from the physical buildings, storage equip-

ment, infrastructure, data access, and environmental 

control necessary for their operations. Each of these el-

ements produces GHG emissions, energy and water 

consumption, and waste disposal burdens. The signifi-

cant gains in density and durability from DNA data 

storage should thus result in a lower environmental 

burden. 

Past DNA data storage research has covered the imple-

mentation of improved system architectures [5], [8], 

preservation techniques [9], [10], and automation [11], 

[12]. However, DNA’s sustainability aspects have re-

mained unexplored until now. In this work, we per-

formed a cradle-to-grave life cycle analysis (LCA) of a 

hypothetical full production DNA data storage system 

(using multiple chemistry options) and compared it 

with other storage technologies on three metrics: GHG 

emissions, energy use, and water consumption. Our 

findings suggest that DNA data storage could have 

lower environmental impacts than both HDD and tape 

storage.  

2 DNA Data Storage Basics 

DNA 101 

A deoxyribonucleotide acid (DNA) strand (also known 

as an oligonucleotide) is a linear polymer composed of 

sequences of four natural nucleotides (A, C, G, T) that 

are commonly referred to as bases. In nature, two com-

plementary strands are typically paired into DNA’s fa-

mous double-helix structure. It is possible to predict in-

teractions between DNA strands in a double helix 

based on their sequences due to base-pairing interac-

tions (A binds to T, and G to C). From an information 

storage perspective, since the interactions are known, 

the information on one strand of the double helix is re-

dundant with its complementary strand.  

Storing data in DNA  

DNA data storage is a method for storing digital infor-

mation in synthetic DNA strands. Storing information 

in DNA starts with converting a sequence of bits into a 

sequence of nucleotides. Figure 2a shows a simple ex-

ample mapping between bits and bases — every two 

bits in a sequence are translated into one of the four 

nucleotide types. For example, in Figure 2b, the binary 

string 01101100 maps to the DNA sequence CGTA. 

Although appropriate for illustration, such a simple 

mapping is rarely used because synthetic DNA is prone 

to errors (base deletions, insertions, and substitutions, 

and missing sequences). In practice, encodings are 

more sophisticated, and error-correcting algorithms are 

often employed to improve the system’s robustness [1], 

[6]. Once the sequences that represent the bits to be 

stored are determined, the next step is to create the mol-

ecules that represent the sequences through a process 

called DNA synthesis.  

 

DNA synthesis  

Synthesis of de novo oligonucleotides has traditionally 

been performed through a process called standard syn-

thesis or phosphoramidite synthesis. This process oc-

curs in cycles composed of four complex chemical 

steps for the addition of a single nucleotide [13]. These 

steps are: (1) deblocking, which enables the next base 

to attach, (2) addition, which adds a blocked base (i.e., 

a chemically modified base that prevents additional 

                       

        

  

  

  

  

 

 

 

 

    

         

        

            

        

           
       

 

      

        

                          

    

      

         

 

  

  

 
  

 

 

Figure 2: DNA basic overview. Fig. 2a shows the four 

nucleotide bases (A, C, G, T) and a simple mapping of 

bits to bases. Fig. 2b provides an example of encoding 

data in DNA. Fig. 2c highlights the ability to copy the 

DNA using polymerase chain reaction (PCR). Fig. 2d 

provides an overview of how DNA is read using se-

quencing by synthesis, where incorporated bases are 

fluorescently labelled. Fig. 2e shows a schematic of 

how DNA can be read using a nanopore sequencer. 



 

 

bases from attaching), (3) oxidation, which strengthens 

the newly formed bond, and (4) capping, which adds a 

group that prevents further strand growth where addi-

tion has not happened in the current cycle. Standard 

chemistry relies heavily on organic reagents, such as 

acetonitrile, which can be volatile, flammable, and 

toxic. Despite these challenging handling issues, stand-

ard synthesis has been used in the biotechnology indus-

try for the past 40 years due to its maturity as a process 

[14].  

Enzymatic synthesis is a nascent alternative approach 

based on using an enzyme called terminal deoxynucle-

otide transferase (TdT) to add bases to an existing DNA 

strand. Although much less mature, in recent years this 

type of synthesis has generated interest as a promising 

method for de novo DNA synthesis [15]–[17]. Enzy-

matic DNA synthesis is expected to require fewer 

steps, and it is performed predominantly in aqueous 

salt buffers that mimic biological pH — an easy-to-

handle solvent. 

DNA replication 

DNA can be easily replicated through a process called 

polymerase chain reaction (PCR), as shown in Figure 

2c [18]. In this reaction, a short priming oligonucleo-

tide (a short strand of DNA, about 20 nucleotides in 

size) binds to the template DNA strand to be replicated. 

A polymerase (i.e., an enzyme that “completes” nucle-

otides missing in the double helix) then extends that 

priming sequence and “fills in the blanks” by incorpo-

rating complementary bases as it zips along the tem-

plate to form double-stranded DNA. This reaction can 

be repeated many times to generate the desired number 

of molecular replicas. 

DNA sequencing 

The two most common techniques used for reading 

DNA are sequencing-by-synthesis (e.g., Illumina se-

quencing instruments) and nanopore devices (e.g., Ox-

ford Nanopore Technologies sequencing instruments). 

Both use aqueous buffers, so their handling is easier 

than in standard synthesis.  

In sequencing-by-synthesis, illustrated in Figure 2d, 

the DNA strand of interest serves as the template for a 

polymerase to create a complementary strand using flu-

orescent base types and blocking groups to ensure one 

base addition per cycle. Each fluorescent base emits at 

different wavelengths and can be monitored and distin-

guished optically during that cycle [19]. The fluores-

cent group is cleaved at the end of the cycle, allowing 

sequencing to proceed to the next cycle.  

In nanopore sequencing, illustrated in Figure 2e, the 

strand of interest is pulled through a voltage-gated na-

nochannel. As the strand is translocated through the 

channel, bases perturb the current differently to 

generate a unique current signature that can be inferred 

to map back into those specific bases [20]. 

Putting it all together: DNA data storage system 

A DNA data storage system uses the multistep process 

outlined in Figure 3. First, since there are limitations 

on the length of synthetic DNA sequences (about 150 

to 300 bases in length is typical today), data to be stored 

in DNA is partitioned into smaller pieces (about 15 to 

30 bytes) before being mapped into DNA sequences, 

given a sequence number, or index, to identify their po-

sition in the original file, and augmented with addi-

tional error correction information. These bit se-

quences are then mapped to sequences of the four DNA 

nucleotides.  

 

Once data has been encoded into DNA bases, the se-

quences are written into physical DNA oligonucleotide 

strands through standard or enzymatic synthesis, typi-

cally using a 2D array platform that creates multiple 

unique DNA sequences in parallel in a single synthesis 

run. Array synthesis may employ fluidic deposition, 

photolithographic, and electrochemical synthesis tech-

niques [13]. 

After synthesis, the oligonucleotides on the array are 

removed from the surface and pooled to create a com-

plex mixture of DNA strands. Each DNA pool may 

contain multiple files and inherently does not provide 

spatial isolation of the data. The pools are deposited in 

a DNA library, which is then spatially organized and 

addressed, so multiple pools can be stored on the same 

substrate.  

To retrieve a file stored in DNA, the pool is physically 

retrieved from its library, and the file is accessed using 

PCR, which selectively copies the DNA oligonucleo-

tides that encode the data sequences to be recovered. 

PCR’s selectivity is accomplished by assigning differ-

ent primer sites to each of the files stored in a pool and 

later using complementary primers associated to the 

file to be read in the PCR reaction [8]. The molecules 

are then sampled and sequenced, and the data is error 

corrected and decoded back into the original file. 

3 Life Cycle Assessment 

In this section, we compare the environmental impacts 

of traditional archival data storage media (HDD and 

tape) with DNA-based storage media. We conducted 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 

          

            

      

      

      

          

       

        

                   

    

Figure 3: Overview of DNA data storage system. 



 

 

this analysis through a screening-level LCA to identify 

potential areas of concern. We also performed a cradle-

to-grave analysis using GaBi LCA software and quan-

tified GHG emissions, energy, and BWC for each stor-

age media.  

3.1 Model assumptions 

Functional unit 

To accurately compare the LCA results, we defined a 

common functional unit across the storage media. Be-

cause all the products store data over time, we defined 

our unit of comparison, or functional unit, as 1 TB of 

data stored for a year with a read rate of 10% (100 GB) 

for that year (note that this comparison is for archival 

storage, so read performance was not a factor). We in-

cluded a 2% data sensitivity case to test how variations 

in data access patterns affect the results. 

Geographical boundary 

Infrastructure for energy, waste treatment, and other 

processes vary across regions and can significantly im-

pact LCA results, so we standardized our model using 

United States data, including for grid energy and mate-

rial production. 

System boundary 

The cradle-to-grave assessment covered three main 

stages for each storage media: (1) production, (2) use, 

and (3) end-of-life. Figure 4 outlines process-flow dia-

grams for each storage type. For production, we inven-

toried the raw materials required to fabricate each type 

and its associated manufacturing inputs (such as heat, 

power, water, and chemicals). For use, we modeled the 

energy necessary for writing, maintaining, and access-

ing a 1TB functional unit of archival storage. We as-

sumed that the datacenter building infrastructure would 

be equivalent across all storage methods and limited it 

to what was directly required for storage. This was a 

conservative assumption: datacenter physical infra-

structure would likely be lower for DNA data storage 

due to its higher data density. For end-of-life treatment 

and destruction, we used shredding and incineration as 

the disposal methods for HDDs and tape, and incinera-

tion as the disposal method for DNA. Since water is 

used as an input for the DNA synthesis process, we also 

included wastewater treatment for DNA data storage.  

Impact categories 

For this LCA, we quantified GHG emissions, BWC, 

and energy as the impact categories. We quantified 

GHG emissions using the IPCC AR5 characterization 

factor for GWP100, excluding biogenic carbon 

(kgCO2eq). Blue water refers only to surface and 

groundwater and excludes rainwater. Water consump-

tion is the portion of water use that is not returned to its 

original water source and cannot be reused after 

withdrawal (e.g., water lost via evaporation or water 

incorporated into a product or plant). We used the GaBi 

BWC characterization method to quantify blue water 

(liters). Primary energy was quantified by net calorific 

value (MJ) otherwise known as low heating value de-

pending on dataset availability.  

Data sources 

Primary data sources for DNA production, storage, 

reading, and end-of-life were projections of future pro-

duction systems extrapolated from current systems. We 

sourced primary HDD and tape data from literature and 

primary product information from online resources as 

detailed below. We sourced secondary data inputs, or 

life cycle inventory (LCI) data, from GaBi professional 

and electronics databases (service pack 39) [21] and the 

Ecoinvent version 3.5 database (with temporal cover-

age of 2018-2019) [22]. 

3.2 HDD and tape storage 

We modeled HDD and tape storage from cradle-to-

grave to match the system boundary of the DNA ar-

chival storage system (Figure 4a) and derived HDD 

production impacts from an existing manufacturer’s 

study that included materials used, distribution, manu-

facturing, and packaging [23]. LCI data for data stor-

age tape does not exist, so we modeled tape production 

impacts by tearing down a commercially available tape 

product (LTO Ultrium 8 Data Cartridge with a com-

pressed data storage capacity of 30TB) and manually 

identifying and weighing its components. We deter-

mined the HDD-use phase assumptions for writing the 

data and accessing 10% of it annually using the prod-

uct’s energy specs (with the assumption that the disks 

are not spun down). The tape use phase included the 

energy to write the tape and access 10% annually using 

the energy and the product’s performance specs and an 

assumption that, once written, the tape would need to 

be rewound 48 times per year. For both, we also con-

sidered additional energy consumption for servers and 

networking equipment and media power usage effec-

tiveness. 

3.3 DNA data storage scenarios 

Given that DNA data storage has not been implemented 

in a datacenter and its full deployment requirements 

cannot be anticipated, we approached the LCA by pin-

pointing the most significant components of the DNA 

data storage process (shown in Figure 3). We identified 

synthesis and sequencing as the major contributors to 

production impacts (Figure 4b).  

DNA synthesis volumes 

Total volumes and types of chemical reagents required 

to store 1 TB of data in DNA vary depending on the 

exact manufacturing processes (acetonitrile versus 



 

 

enzymatic synthesis) and assumed parameters, so we 

modeled worst- and best-case scenarios for each DNA 

synthesis method to account for that. We modeled the 

worst-case scenario as a synthesis process in which the 

reagents for each chemical input are used once and then 

discarded. In the best-case scenario, 90% of reagents 

could be reused throughout the synthesis run. 

For standard DNA synthesis, we incorporated two ace-

tonitrile production methods into the LCA for compar-

ison. We considered acetonitrile derived from propane 

found in fossil fuels (conventional acetonitrile) and 

bio-acetonitrile derived from ethanol (bio-acetonitrile). 

We assumed enzymatic DNA synthesis to be an aque-

ous system. 

Retrieving data in DNA 

We assumed the use of the PCR method to selectively 

amplify the DNA strands encoding the 10% of the data 

to be read from the 1 TB DNA pool. Once retrieved 

from the pool, we assumed the strands would be se-

quenced with a nanopore device. 

3.4 LCA results 

A tale of two acetonitriles in standard synthesis 

Figure 5a shows the cradle-to-grave LCA results from 

comparing the two types of acetonitrile used for syn-

thesis against the GHG emissions, energy, and water 

consumption dimensions. The LCA comparison be-

tween conventional acetonitrile and bio-acetonitrile 

production (not shown) did not result in a clear best. 

We expected bio-acetonitrile would be significantly 

more sustainable than conventional acetonitrile; how-

ever, while bio-acetonitrile production did reduce GHG 

emissions and energy consumption by 79% and 85% 

respectively (compared to conventional acetonitrile 

production), it increased BWC by 84%.  

Figure 4. Process flow diagrams for the cradle-to-grave LCA of the different storage media. Boxed text represents. 

Unboxed text represents inputs. Boxed text represents life-cycle phases. Fig. 4a shows inputs and outputs for storing 

1 TB of data and reading 100 GB a year with tape or HDD. Fig. 4b delineates the process of storing 1 TB of data 

and reading 100 GB a year with DNA. The flow diagram begins with the inputs and outputs for either phospho-

ramidite/acetonitrile-based DNA synthesis or TdT/enzymatic DNA synthesis and converges once the data has been 

written into DNA.  

      

     

            

   

    
 

    

         

            

      

      

     

            

                

                 

              

            

               
             

        
      

             

       

            

              

              

           

             

        

            

               

           

            

           

               

             

         

            

          

         

       

            

               

             

                   

       

            

           

      

     

         

      

                

           

  

  

                                           



 

 

Unsurprisingly, the primary contributor to water con-

sumption in the LCA for bio-acetonitrile DNA synthe-

sis was bio-acetonitrile production. The water con-

sumption increase was a direct result of higher water 

inputs for ethanol production from biomass. For con-

ventional acetonitrile, water consumption resulted only 

from the production of miscellaneous input chemicals 

to the synthesis process. 

For energy consumption, the production of the four 

base phosphoramidites used to create the oligonucleo-

tides was the main contributor to both conventional and 

bio-acetonitrile DNA synthesis.  

Standard vs. enzymatic synthesis 

Enzymatic DNA synthesis utilizes fewer chemicals 

than phosphoramidite synthesis, and it is performed 

primarily in aqueous neutral buffered solutions (i.e., 

saltwater). Since it does not use acetonitrile, enzymatic 

synthesis has lower GHG emissions, energy consump-

tion, and water usage than either conventional or bio-

acetonitrile DNA synthesis.  

As expected, direct water consumption during the 

DNA synthesis process drove the water metric. Break-

ing down the drivers for GHG emissions and energy 

consumption, we found the production of the salts (e.g., 

tris-acetate) used in the buffered water to be the pri-

mary contributor. 

Overall HDD, Tape, and DNA comparison 

Of the storage media evaluated in this study, HDD stor-

age has the highest GHG emissions, energy consump-

tion, and water usage, as shown in Figure 5b. The main 

driver of the environmental impacts was the use-phase 

energy demands of storing 1 TB of data with a 10% 

access rate. This includes the power required for spin-

ning the disks, accessing and reading the data, and 

cooling the system. Tape, by comparison, has a signif-

icantly lower impact than HDDs even though the main 

contributor to environmental impacts was also use-

phase energy demands.  

The environmental impacts of DNA data storage are 

less clear-cut and depend heavily on the method used 

to manufacture the DNA. DNA data storage using 

standard synthesis may be more sustainable than exist-

ing HDD and tape storage when closer to its best-case 

scenario. In its worst-case scenario, it falls short of ex-

pectations. In contrast, DNA data storage with enzy-

matic synthesis appears to significantly reduce envi-

ronmental impacts across all storage types and metrics, 

regardless of best- or worst-case scenario assumptions. 

3.5 Limitations in analysis 

While both HDD and tape are commercially available 

storage technologies, they lack readily available inputs 

and existing datasets; therefore, we modeled them us-

ing literature, product teardowns, and assumptions. 

GaBi databases lacked a significant number of DNA 

data storage components and processes. Mini-LCAs 

had to be completed for each lifecycle phase, including 

phosphoramidite DNA synthesis and enzymatic DNA 

synthesis and sequencing. Within these sub-LCAs, 

many of the inputs lacked LCI data and had to be mod-

eled with proxies serving as functional counterparts or 

manufactured in similar processes. An example is the 

use of amylase production as a proxy for TdT in enzy-

matic synthesis. Both are enzymes, and large-scale en-

zyme manufacturing generally involves the fermenta-

tion of microorganisms engineered to produce the de-

sired enzyme [24]. Since amylase manufacturing is 

done at scale, we selected the results from an amylase 

LCA as the most appropriate approximation for TdT in 

the quantities needed for DNA data storage. 

Using data proxies and assumptions limits the results’ 

applicability to future at-scale rollouts of these technol-

ogies. Future work will include the modeling of rea-

gents and other important DNA synthesis inputs and 

consider archival-type HDD storage applications. At 

the time of this paper’s writing, we are actively creating 

LCAs for each input proxy to incorporate into future 

assessments. 

Figure 5. Cradle-to-grave LCA results estimating GHG, energy utilization, and water consumption. Fig. 5a summarizes 

the impacts of three different DNA synthesis techniques for DNA data storage. Fig. 5b provides an overall comparison 

of HDD, tape, and DNA data storage (water/enzymatic synthesis). 



 

 

4 Discussion and Conclusion 

We expect that the next few decades will see a great 

deal of innovation and improvement in datacenter sus-

tainability. As we transition from the digital revolution 

to the fourth industrial revolution (a fusion of physical, 

digital, and biological technologies), biotechnology ad-

vances promise to have great impact on datacenters.  

DNA data storage could both increase the density and 

durability of archival storage systems and be more en-

vironmentally sustainable than existing storage media. 

Though the future impacts of DNA data storage will 

largely depend on improvements in DNA synthesis and 

sequencing technologies, in this paper we demon-

strated the potential of DNA storage to improve GHG 

emissions, energy use, and water consumption.  

We foresee that optimizing phosphoramidite chemical 

reagent consumption for standard DNA synthesis or 

reaching a mature enzymatic DNA synthesis process 

will reduce DNA data storage’s environmental foot-

print. The fact that DNA is inherently biological also 

enable a new end-of-life disposal method: the DNA 

could be biodegraded.  

Beyond DNA data storage, we believe biotechnology 

has the potential to address other datacenter sustaina-

bility needs. New concrete mixtures can reduce the car-

bon emissions associated with datacenter construction 

— biomaterials, sand and bacteria compositions, and 

graphene reinforcement are all solutions under devel-

opment [25], [26]. 

Another area of interest is identifying greener methods 

to power datacenters, such as clean biofuels derived 

from biomass. The renewable nature of these fuels may 

help prevent the release of previously sequestered car-

bon and eliminate the emission of unhealthy, volatile 

organic compounds and sulfur compounds typical of 

fossil fuels [27], [28].  

With datacenters shifting toward higher levels of circu-

larity, we expect electronic components to be harvested 

from their original boards for redirection to their high-

est possible value use. However, the remaining printed 

circuit board substrates with custom metal tracks are 

still likely to become physical waste. To address this, 

we foresee a future in which such boards are biode-

graded. In this scenario, biodegradable materials are 

combined with biological or synthetic biology-based 

technologies so the metals present in the degraded 

boards can be easily scavenged. E-waste composting 

could become a reality.  

These examples illustrate that biotechnology may help 

address the multiple sustainability challenges currently 

faced by datacenters. Though some of these technolo-

gies are not yet fully mature (or have even surpassed 

proof of concept), it is important to discuss them now 

so that their development can be nurtured and expe-

dited. Early success in these areas can unlock signifi-

cant paradigm shifts in datacenter sustainability. 
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