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Environmental impacts from conventional and digital 
dental crown fabrication workflows: A comparative life 
cycle assessment 

 

Introduction 
The fabrication processes for indirect prosthetic dental restorations (manufactured outside the oral 
cavity) are in a period of transition with three main approaches currently used: conventional, digital 
and mixed hybrid workflows.  Increasingly, there is a drive towards digital and hybrid workflows, as 
they provide greater speed, versatility of fabrication and predictability of outcomes.  Although digital 
workflows are consistently regarded as being more environmentally sustainable [1–5], there is a lack 
of objective data that determines their environmental impact. This work aims to address this 
knowledge gap by undertaking a comparative Life Cycle Assessment. Today, informed clinical 
treatment decision-making must consider environmental impacts and ways to mitigate them. There 
is a need to establish a knowledge baseline that identifies the true environmental impacts arising from 
these workflows and the hotspots within the workflows that contribute most significantly. For context, 
bespoke indirect restorations (e.g. dental crowns) are fabricated using specific materials (polymer, 
metal, ceramic or a combination of these) to replace tooth structure, and/or teeth with consideration 
to the functional and aesthetic needs of the prosthesis [6–8]. A workflow for the fabrication of a dental 
prosthesis consists of four distinct sequential stages: 3D intraoral data acquisition (physical or digital) 
-> design of the prosthesis -> fabrication -> fitting in the mouth/tooth. An additional step for the 
provision of an interim restoration would normally be required when the fabrication takes place in a 
dental technology laboratory.  

A workflow with conventional fabrication technologies uses physical intra-oral impressions and 
technological fabrications that include casting (investment, centrifugal and pressure die), porcelain 
densification by sintering (PFM crowns), fusion of porcelain to non-precious metals, polymerisation of 
acrylics and resin-based composites, soldering and welding; all of which require high levels of specialist 
technical skills. The physical intraoral impressions are transported to a dental technology laboratory 
to create a replica gypsum cast of the dentition for which the restoration is fabricated.  This workflow 
is unidirectional and requires multi-step procedures and in the event of error, a return to the early 
stages of the workflow. Conventional fabrication techniques require additional clinical occlusal data 
and often the mechanical articulation of the casts. 

An alternative digital workflow uses intraoral digital scans and CAD-CAM fabrication that enable the 
use of alternative materials with improved properties (9). Three-dimensional intraoral data acquisition 
of the tooth preparation or implant fixture is the essential preliminary step to provide an accurate 
replica that will enable the subsequent fabrication of the dental prosthesis. Intraoral scanners create 
instant accurate and high resolution three-dimensional topographical digital replicas of the dentition 
in the form of a standard tessellation language (STL) file. Highly sophisticated specialist software is 
used to design an optimised restoration that includes the required occlusal considerations. The digital 
restoration STL file resulting from the CAD (Computer Aided Design) informs the advanced CAM 
(Computer Aided Manufacturing) fabrication process (additive or subtractive). Additive fabrication 
technologies used in dentistry include 3D printing, stereo photolithography (polymer casts) and laser 
sintering (non-precious metal alloys). Subtractive technologies are analogous, with computer-aided 
milling used for grinding a block of material (polymer, ceramic or metal) into the predetermined 
restoration shape [10–13]. The milling units can be scaled in size to enable milling of a single 
restoration (clinical chairside) or multiple batch-milling as used in dental technology laboratories. A 
hybrid, intermediate approach uses, either a 3D scan from a gypsum cast to create a digital file [6–9] 
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or sends an intra-oral scan (IOS) to a technical laboratory that will print a 3D plastic model on which 
the crown is manufactured; thereafter these pathways follow the digital fabrication workflow process. 

All fabrication workflows  carry inherent environmental impacts.  These are mostly anecdotal 
subjective perceptions that need to be substantiated through empirical research  (Table 1).  To date, 
no studies have assessed the environmental impacts from these different workflows. In any workflow 
there are ‘hotspots’, that relate to areas or processes that are particularly inefficient or in this case, 
pose higher environmental impacts. These may be associated with material use, the equipment itself, 
the use of energy-intensive processes, waste generation or transportation, for example.  A pinch 
analysis identifies these points and the opportunities to mitigate their impact through focused 
solutions, such as energy recovery, optimisation of technology use, effective recycling of obsolete 
equipment or waste material.  In this context, a cradle-to-grave Life Cycle Assessment (LCA) provides 
the ideal tool for this task - A comprehensive method for evaluating the environmental impact of a 
product, process, or service throughout its entire life cycle, from raw material extraction to disposal.  

The aim of this study is to undertake a  comparative cradle-to-grave environmental  life-cycle 
assessment of conventional versus digital workflows for the fabrication of a dental ceramic crown, in 
order to address the knowledge gap and provide quantitative analysis of the potential impact of both 
fabrication workflows, and to test the assumption that digital workflows result in lower environmental 
impact  This is the first study of its kind to measure and quantify the environmental impacts of each 
workflow and in this way provides the required knowledge base to inform more sustainable clinical 
practices and guide the dental community toward adopting more environmentally responsible 
approaches. Though the present study necessarily includes a series of assumptions, it highlights 
hotspots in each process, enabling comparison and highlighting opportunities to reduce 
environmental impact. 

Table 1:  Perceived and anecdotal environmental impacts for conventional and digital workflows 

  Conventional Fabrication Workflow Digital Fabrication Workflow 

Characteristics ·   Multi-stage clinical and 

technical workflow. 

·   Enables combination of 

technologies and materials 

(metals, ceramics and 

polymers) for the design and 

fabrication of compound 

devices. 

·   Use of many different sundries 

and materials that require 

procurement, storage, use and 

disposal – Associated energy 

use and waste generation. 

·   Correction and repetition of 

work often require re-start of 

the clinical/technical 

workflow. 

·   Fabrication technologies are 

low-medium capital 

investment 

·   Reduced clinical and technical 

stages. 

·   Enables the use of optimised 

materials that can only be 

shaped through CAD/CAM 

milling and grinding. 

·   Clean, fast with the use of 

sophisticated technologies. 

·   Corrective and iterative process 

that includes occlusal design 

and form optimisation. 

·   Enables the fabrication of 

multiple identical prostheses at 

different points in time. 

·   Fabrication technologies are 

medium-high capital 

investment  
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Clinical Data 

Acquisition 

(Tooth/arch 

impressions) 

·   Extensive waste generation 

with diverse waste streams 

·   Need for transportation of 

impressions to the dental 

laboratory. 

·   Need for physical occlusal 

articulation. 

·   Inherent cumulative human 

errors that may require work 

repeats. 

·   No transportation requirement 

·   Digital data transfer 

·   No further intermediate steps 

  

Design of the 

Prosthesis 

·   Casting of gypsum model and 

dye preparation. 

·   Multi-stage human input leads 

to variable and unpredictable 

outputs 

·   Remakes may require re-start 

of the clinical/technical 

workflow. 

·   CAD-based with highly 

predictable sophisticated 

software algorithms. 

·   Requires the printing of a 

plastic 3D polymer model. 

·   Unknown energy for 

server/cloud data use/storage. 

Fabrication of the 

Prosthesis 

·   Limited range of materials 

(e.g. zirconia ceramics not 

possible) 

·   Extensive range of equipment 

required. 

·   High use of materials, energy 

and sundries. 

·   Only one prosthesis as a 

workflow output  

·   Clinic-based CAD-CAM 

technology permits one-

appointment restorations 

·   Unknown and variable use of 

materials, energy and sundries. 

·   Environmental impact from the 

technologies is unknown 

 

     Methodology 
Life Cycle Assessment (LCA) is a technique used to estimate the environmental impact of a product or 

process. The method involves defining the materials, processes and sub-products required to produce 

a product, and considering the fundamental requirements of each, in terms of resource use, energy 

use, and environmental impacts. When applied to each sub-process and summed, the impact of the 

product can be ascertained. In this study, LCA was used to consider the environmental impact of 

conventional and digital workflows, and to consider the hotspots and areas of significance in each, 

both independently and through comparison.  

Life cycle assessment 

i. Goal and Scope 
The goal of the LCA is to compare the environmental impacts of digital and conventional workflows in 

the manufacture and necessary procedures for provision of a dental crown. An attributional LCA was 
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performed according to the ISO 14040:2006 guidelines (Environmental management: Life cycle 

assessment, Principles and framework) for the comparison of the environmental impact of digital 

and conventional workflows.  

A functional unit describes the amount and action of the product that will be analysed. The functional 

unit for this project was ‘one dental crown’, manufactured and ready to cement in a dental practice 

in the UK. Due to material density, the zirconia and lithium disilicate crowns had different mass: 3g for 

the zirconia crown and 2g for the lithium disilicate crown. The scope of this study is ‘cradle-to-grave’. 

Energy consumption, device transportation, patient travel, manufacturing and waste management 

were included in the model. The UK context enabled the use of accurate region-specific data, 

improving the robustness of the results. 

ii. Life Cycle Inventory 
Primary data collection and material outputs required for the LCI of each process of conventional and 

digital workflow, were obtained from Dentsply Sirona, Degudent GmbH (Hanau, Germany). Several 

parameters were defined as assumptions and listed below (Table 2).  

Patient transportation distances were based on the literature [15] and laboratory transportation 

distances were based on three different scenarios (local, national and international). Further details 

are given below. 

Proxies were used in three specific instances where data on the specific raw materials required was 

not available. One such instance related to the use of potassium alginate impression material in the 

conventional workflow.  Sodium alginate was used as a proxy for potassium alginate, following 

seaweed biorefinery LCA study work by Nilsson et.al [25]. Since both are alginates and have very 

similar properties and preparation routes, this proxy is expected to yield similar results to the intended 

product. In two cases, proxies were used for materials of the dental equipment: PBT (Polybutylene 

terephthalate) in the intraoral scanner housing, and POM (Polyoxymethylene) in the furnace. In each 

case, the most suitable proxy was selected by identifying materials with similar properties and 

production routes. Full details are given in the Life Cycle Inventory Table (Appendix 1, see Research 

Data). PET (Polyethylene terephthalate) is a commonly used proxy for PBT, as was the case here. The 

two have very similar properties and preparation methods, differing only slightly in chain length. 

Formaldehyde was used as a proxy for POM since POM is a polymerised version of formaldehyde, 

meaning the chemical composition and processing are identical prior to polymerisation. For waste 

scenarios, according to the data collected from the manufacturer, most of the waste goes to landfill, 

however recommendations are made for the owner of the intraoral scanner, milling machines, 3D-

printers and furnaces to dispose of these devices according to the local regulations, which varies 

greatly across the world and predominantly involves landfill as the default scenario. For this LCA, two 

waste treatment scenarios were considered for the main study: a) mixed treatment (where some of 

the parts are recycled); b) sanitary landfill. Further details are given in the End-of-life treatment 

section, and full inventory details for each material are given in the Life Cycle Inventory table 

(Appendix 1, see Research Data). 

iii. Life Cycle Assessment 
This study used SimaPro version 9.6.0.1 (SimaPro, London, UK) as a life cycle assessment software tool 

and the database ecoinvent version 3.10 (ecoinvent, Zurich, Switzerland), which includes an extensive 
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collection of processes, some of them country specific. All the data was entered into SimaPro and 

assessed across eighteen environmental impact categories defined by the ReCiPe 2016 Midpoint 

Hierarchical impact assessment method v 1.09 

iv. Sensitivity Analysis 
For this life cycle assessment, assumptions were made for the distances between dental surgery and 

technology laboratory (device transport), patient travel, the number of daily patient appointments for 

the provision of a ceramic crown and the lifespan of digital machinery. 

Sensitivity analysis was undertaken in two areas: End-of-life treatment scenario and laboratory 

transport distance. Two end-of-life treatment scenarios and three laboratory transport distances were 

considered. 

Furthermore, a tool was designed to enable variation to inputs and assumptions to be made and the 

impact of this viewed directly. This tool was used to undertake further sensitivity analysis of results, 

and to assess the impact of assumptions, investigate the effect of proxies and consider the potential 

for changes in outcomes due to future developments, such as electric vehicles, grid electricity impact 

factor reduction, or changes in material impact. 

By identifying current and hypothetical workflow hotspots, the tool enables the various stakeholders 

to consider future important factors in routes to decrease the carbon footprint of the fabrication of a 

dental ceramic crown. 

v. Fabrication Workflows 
The primary aim of this study is to compare the environmental impact of conventional and digital 

workflows in the manufacture and necessary procedures for provision of dental crowns. For each of 

these scenarios, a series of other variables including material options, laboratory location, and end-

of-life treatment have been considered. In parallel with conventional and digital workflows, the CEREC 

(Chairside Economical Restoration of Esthetic Ceramics) one-time appointment has also been 

considered. This one-time appointment technique is designed to minimise patient inconvenience of 

multiple appointments and associated intermediate restorations. The different fabrication workflows 

and the associated inputs are diagrammatically represented in Figure 1. 

Three different workflows were assessed and compared: (i) The digital workflow with landfill end-of-

life treatment, (ii) the digital workflow with mixed end-of-life treatment (laboratory-based and CEREC 

chair-side one-time appointment scenarios), and (iii) the conventional workflow with landfill end-of-

life treatment.  
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Fig 1. Conventional and digital (Laboratory-based and Clinic-based one time) workflows for the fabrication of a ceramic dental 

crown with lithium disilicate and zirconia.  All workflows include the core and secondary use of technologies and materials 

with an indication of the waste streams for each.    

 

vi. Crown material 
Two ceramic material types were considered in this study: Zirconia and Lithium Disilicate. Both 

materials produce clinically successful restorations and are firmly established as the principal 

materials for the fabrication of all-ceramic crown restorations [16–19].  Zirconia was included in the 

digital workflow only as it requires milling a ‘green state’ zirconia dioxide softer blank (block or disc) 

that is subsequently sintered to achieve final dimension and physical properties. Lithium disilicate is 

used both in the conventional workflow in form of ingots of lithium disilicate (Li2Si2O5) through a 

combination of lost-wax and molten pressing techniques and in the digital workflow by milling a (pre-

) crystallized block finally resulting in a lithium disilicate (LS2) restoration [20]. All the materials and 

their proprietary names are included in the inventory within the appendices. 

The dental laboratory based digital manufacturing workflow compared two formats of the zirconia 

disc of the same diameter but different height: 300 g mass and 460 g mass. In this case study, a standard 

crown was assumed. The mass of Zirconia required for a crown is 3 g. Due to its larger vertical dimension, 

the 460 g Zirconia disc is useful when larger or more complex crowns are required, but in the case-study 

considered here, the 300 g and 460 g Zirconia discs yield the same number of standard crowns. It is 

assumed that 20 restorations can be milled from either disc. Consequently, the use of the 460 g disc 

leads to more waste per crown in the case considered here.  Impact allocation was used to ensure that 
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only the relevant proportion of the total environmental impact of each disc was attributed to the 

crown in each case. The materials impact assessment for the CEREC one-time appointment workflow 

used single-restoration zirconia and LS2 blocks.  

vii. Design and manufacture 
In the conventional and digital workflows, a physical impression or a digital scan is the respective 

technical starting point for the manufacture of the definitive crown.   The common workflow from this 

point is for the impression data to be sent to a dental technology laboratory for the design and 

manufacture.  The alternative pathway of one-appointment clinical chair-side fabrication (CEREC, 

Dentsply Sirona) is modelled in the study, obviating the need for additional transport to the dental 

technology laboratory and a second patient journey for the fit of the restoration. The workflow that 

involves the dental technology laboratory considers transport to the laboratory according to three 

distances from the dental surgery: Local (10 km, via road with petrol van), national (200 km, via road 

with petrol van) and international (2000 km, air freight); all were based on the ecoinvent database 

(ecoinvent v3.10) and European Life Cycle Database. Allocation was applied as discussed in Section ix. 

viii. End-of-life treatment 
Two waste management scenarios, based on UK data from the ecoinvent database, were considered: 

Landfill and Mixed Treatment. The ‘landfill scenario’ assumed that all end-of-life treatment was 

handled by landfill, whereas the ‘mixed treatment scenario’ assumed the most likely waste stream for 

each material type. These were ascertained from product data, by considering the major parts in each 

piece of equipment, their materials, and thus the available waste streams. The landfill scenario 

assumed that all materials, including recyclable materials were disposed of in landfill; whereas the 

mixed scenario assumed separation of materials into non-recyclable materials, which would be 

disposed of in landfill or incineration, and recyclable products that would be subsequently recycled.  

For the one-appointment clinical chair-side fabrication (CEREC, Dentsply Sirona) end of life was 

modelled for the intraoral scanner, CAD/CAM milling machine and the furnace. Equipment lifetime 

and attribution 

All the equipment used in the manufacture of dental crowns in this study has a useful lifetime. This is 

defined according to the following parameters:  (i) technical reasons, such as how long the product 

lasts before it is no longer technically able to perform the required function; (ii) economic reasons, if 

for example, the owner wishes to sell the equipment, and ;(iii) obsolescence, if the practitioner wishes 

to replace the equipment with a newer/more efficient version. Product lifetimes of the Intra-oral 

scanner, milling unit and furnace are expected to be 7.5 years. These estimates are based on 

information from product manufacturers, which suggests product lifetimes should be between 5 and 

10 years. Following discussion with experts, 7.5 years was selected as a mean lifetime. 

To estimate the proportion of the total environmental impact for a piece of equipment attributable 

to each dental crown, it is first necessary to understand how many crowns each piece of equipment 

will contribute to over its lifetime. This is calculated based on the likely lifetime of the equipment, 

either in crowns per lifetime or calculated from a lifetime in years (as above) and a crowns per year 

estimate. The total impact of the product is then split across the number of crowns contributed to, 

giving a per crown value. The number of crowns contributed to each piece of equipment was 

estimated based on expert opinion and experience of the number of processes undertaken on an 
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average day.  Assumptions made for product lifetimes and uses per year are shown in Table 2. Both 

product lifetime and number of processes per day are subject to variation, and can only ever be 

estimated. The impact of variation in these numbers was tested through Sensitivity Analysis using the 

tool described previously. 

Energy associated with the digital units (e.g., intraoral scanner, milling machine, furnace) were 

accounted for and obtained from the manufacturer brochures and using UK National Grid electricity. 

In-use energy consumption in kWh per operation was used wherever available. In most cases, rated 

power was used to calculate energy consumption by multiplying the in-use time by the rated power 

(kW (rated power) x h (in-use time per use) = kWh) Standby energy use was calculated approximately 

and deemed negligible due to the use of modern efficient electronics, so was not considered. 

Consumption details are given in Appendix 1 (see Research Data).  

Material attribution was based on the mass required per crown. 3 g is required for each Zirconia 

crown, and 2 g for each LS2 crown. Consequently, a crown requires 3 g of a 22.3 g Zirconia block, 3g 

of a 300 g Zirconia disc, and 3 g of a 460 g Zirconia disc. When LS2 is used, 2 g of a 12.3 g LS2 block is 

required per crown. 

In recognition that one crown would not be an individual transport item but part of a larger payload, 

attribution was used. Transport attribution was based on the mass of the part being transported and 

the total expected payload of a vehicle.   The total impact of the journey based on the appropriate 

method of transport and the mass transported by a normal full load was calculated, then a portion of 

this allocated to the dental crown.       

ix. Patient travel 
Patient travel is an important factor to consider in environmental and sustainability studies, 

specifically in dentistry, as it is required for patients to travel several times for different appointments. 

It is estimated that transport in dentistry contributes to 443 tonnes of nitrogen oxide a year [15]. 

Hence, it is important to consider patient travel for the different scenarios that this life cycle 

assessment includes for the fabrication of one ceramic dental crown. The considered distance that a 

patient travels from home to the dental practice was 7.57 miles per journey, the average distance 

travelled by dental patients in England by, calculated from NHS Business Authority data and reported 

by Public Health England [15,21]. 

x. Assumptions 
Several parameters were defined as assumptions and listed below (Table 2). Assumptions are required 

to define the LCA, and are selected based on likely scenarios, experience and product knowledge. As 

highlighted above, knowledge of product lifetimes is required to understand the proportion of the 

impact of a product or process which should be attributed to one crown. In some cases, such as vehicle 

fuel, assumptions represent the statistically most likely scenario for the location in question at the 

present time (unleaded petrol). Laboratory transportation distance assumptions were based on three 

different scenarios (local, national and overseas) with distances of 10 km, 200 km and 2000 km, as in 

Table 2.  It is assumed that all patient and staff travel (to dental clinic and return journey) is a fully 

dedicated trip (not shared with other tasks). For waste scenarios, according to the data collected from 

the manufacturer, most of the waste is disposed of by landfill, however recommendations are made 

to owners of the intraoral scanner, milling machines, 3D-printers and furnaces to dispose of these 
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devices according to the local regulations. Such regulations vary enormously across the world but 

predominantly involve landfill as the default scenario. To consider this variation, two waste treatment 

scenarios were considered for the main study: a) mixed treatment, where some of the parts are 

recycled; b) sanitary landfill. Major assumptions included in this study are given below (Table 2). 

Table 2:  Major assumptions product lifetimes and uses per year included in this study. Further details in Life Cycle Inventory 
table (Appendix 1, see Research Data) 

Item Assumption value 

Clinic - Intraoral scans/year 

(multi-surgery practice performing 8 scans/day for assessments and treatment) x5 

days/week x30weeks/year (assuming holidays and staff leave) 

1,200 scans per year 

Laboratory - CEREC Primemill millings of Lithium disilicate and zirconia blocks/discs 

(CEREC TESSERA, CEREC MTL, CERCON ht) 

8 millings per day 

Laboratory - Furnace (for lithium disilicate) 6 cycles per day 

Laboratory - Furnace (for zirconia - not chairside) 2 cycles per day 

Lifetime average of intraoral scanner, milling unit and furnace 7.5 years 

Local transportation distance 

(Laboratory-Dental practice) 

10 km 

National transportation distance 

(Laboratory-Dental practice) 

200 km 

International transportation distance 

(Laboratory-Dental practice) 

2000 km 

Fuel for terrestrial transport of patients and laboratories Unleaded petrol 

Conventional workflow waste: Non-recycled scenario Municipal sanitary landfill 

Digital workflow waste: Non-recycled scenario Municipal sanitary landfill 

Digital workflow waste: Mixed treatment scenario Recycling and municipal sanitary 

landfill 

 

Results 

Full comparative results 

The results across all the eighteen impact categories were assessed, for seven scenarios. Results are 

presented as percentages. In each impact category, the scenario with the highest impact is shown at 

100%, with others shown at their relative comparative impact (Figure 2). This figure illustrates the full 

life cycle assessment results for the three following cases: (i) The digital workflow with landfill end-of-

life disposal, (ii) the digital workflow with mixed end-of-life treatment, and (iii) the conventional 

workflow with landfill end-of-life disposal. 
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Figure 2: Percentage composition of LCIA indices for the digital workflow (DW) and the conventional workflow (CW) models, 

including type of ceramic material (Lithium Disilicate, Zirconia Block or Zirconia Disc) and waste management (mixed 

treatment or landfill). Passenger transport and local laboratory transport were considered in all scenarios. 

Greenhouse gas impact results 
For the digital workflow two scenarios were considered: Multiple patient appointments with remote 

dental technology laboratory (Figure 3 and 4) and a one single patient appointment with CEREC 

machinery (Figure 5). 

The total Global Warming Potential (GWP) impacts in kg of carbon dioxide equivalent (kgCO2e) are 

shown according to: (i) the crown fabrication ceramic (lithium disilicate block, zirconia disc or zirconia 

block) for each workflow; (ii) for the ‘digital multiple appts’ and ‘conventional’ workflows for both 

waste treatment scenarios with the inclusion of patient travel and laboratory transportation (Figure 

3).  This ‘digital multiple appts’ scenario creates 13.1 kgCO2e total impact (460 g zirconia disc) and 10.8 

kgCO2e (LS2 block) (Table 3). The ‘conventional’ scenario creates 9.2 kgCO2e total impact. The highest 

impacts for both scenarios are directly attributed to patient transport accounting for 70% of the total 

13.1 kgCO2e in the ‘digital multiple appts’ and 92% of the total 9.2 kgCO2e total impact in the 

‘conventional’ scenario. Laboratory transportation had a negligible impact, regardless of the distance 

covered.   

The total impacts in kgCO2e for the ‘digital multiple appts’ and ‘conventional’ workflows for both 

waste treatment scenarios with the exclusion of patient travel and laboratory transportation (Figure 

4).  This ‘digital multiple appts’ scenario creates 3.9 kgCO2e total GWP impact. The ‘conventional’ 

scenario creates 0.8 kgCO2e total impact. The highest impacts are directly attributed to the zirconia 

discs (460 g) accounting for 61% of the total 3.9 kgCO2e produced in this ‘digital multiple appts’ 

scenario. Printed resin models in the ‘digital multiple appts’ scenario were the next greatest impact 

and accounted for 20.5%. In the ‘conventional’ scenario the investment powder used in the 

manufacturing accounted for 75% of the total 0.8 kgCO2e. Zirconia discs carry the highest impacts 

compared to other materials, irrespective of the waste management scenario. 
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The total impacts in kgCO2e for the ‘digital one-time appt’ workflow for the two CEREC ceramics in 

block form (lithium disilicate or zirconia), both waste treatment scenarios and with the exclusion of 

patient travel, laboratory transportation and printed resin models are shown in Figure 5.  This ‘digital 

one-time appt’ scenario creates 0.6 kgCO2e total impact. The highest impacts are directly attributed 

to the CAD/CAM milling machine accounting for 50% of the total 0.6 kgCO2e produced in these 

scenarios. The actual fabrication materials (lithium disilicate or zirconia) and the intraoral scanner, 

each accounted for approximately 21% of the total 0.6 kgCO2e produced in these scenarios. 

 

 Figure 3: Total impact in kgCO2e per lithium disilicate and zirconia crown for digital and conventional workflow and two 

waste treatment scenarios (landfill and mixed treatment), including patient and laboratory transportation. NB: Laboratory 

transport [Transport (Lab)] contributes around 0.01% of total impact, and not visible on the graph. 
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Figure 4: Total impact in kgCO2e per lithium disilicate and monolithic zirconia crown for digital and conventional 
workflow and two waste treatment scenarios (landfill and mixed treatment), excluding patient and laboratory 
transportation. 
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CEREC Chairside One-time appointment 

 

Figure 5: Total impact in kgCO2e per lithium disilicate and monolithic zirconia crown for full digital workflow in one 

appointment, and two waste treatment scenarios (landfill and mixed treatment), including patient transportation and 

excluding 3D-printed models. 

Table 4 illustrates the contribution of main materials to the total impact in the conventional 

workflow and digital workflow cases. 

Table 4: Global warming potential (GWP) values for the materials of conventional and digital workflow in kgCO2e per crown.  
 

Conventional workflow materials 

Material Contribution value Impact category 
(unit) 

Alginate 0.0173  GWP (kgCO2e) 
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Silicone light 0.0000971 GWP (kgCO2e) 

Silicone putty 0.00145 GWP (kgCO2e) 

Aluminium oxide 0.00274 GWP (kgCO2e) 

Gypsum 0.0141 GWP (kgCO2e) 

Lithium disilicate 0.0118  GWP (kgCO2e) 

Digital workflow materials 

Material Contribution value Impact category 
(unit) 

Printed resin models 0.0156 GWP (kgCO2e) 

Bis-Acryl composite 
(temporary crown) 

0.00000647 GWP (kgCO2e) 

Lithium disilicate block  0.142 GWP (kgCO2e) 

Zirconia block 0.124 GWP (kgCO2e) 

Zirconia disc (460 g) 2.43 GWP (kgCO2e) 

 

Sensitivity Analysis 
Table 3 shows the results for the digital (multiple appointments, excluding one-time appointment) 

and conventional workflows, showing overall total GHG (greenhouse gas) impact of a series of 

combined results for two workflows (digital and conventional), three materials (Lithium disilicate and 

Zirconia block, Zirconia disc 300 g and 460 g), three transport cases (local, national and international) 

and two end of life treatment cases (landfill and mixed). The highest impact per crown of all combined 

cases is the Zirconia disc case, with international transport and landfill treatment at end of life. 

Table 3: Global Warming Potential (GWP) for Digital workflow with multiple appointments and Conventional workflow for 
three transport cases. Values in kgCO2e per lithium disilicate crown and zirconia crown, including 3D-printed models). 

GWP 
(kgCO2e)  

per crown 

Fabrication workflow 

Digital: Lithium 
Disilicate block 

Digital: Zirconia 
block 

Digital: Zirconia 
disc (460g) 

Digital: Zirconia 
disc (300g) 

Conventional 

Waste 
treatment 

Mixed 
(MT) 

Landfill 
(LF) 

MT LF MT LF MT LF LF 

Local 
transport 

10.89 10.90 10.87 10.79 13.18 13.19 12.39 12.41 9.27 
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National 
transport 

10.89 10.90 10.87 10.88 13.18 13.19 12.49 12.41 9.31 

International 
transport 

10.89 10.90 10.88 10.88 13.19 13.20 12.40 12.41 9.36 

Discussion 
The development of rigorous methodologies to accurately quantify and compare environmental 

impacts is essential to support the adoption of more sustainable practices within dental and medical 

sectors. Although digital manufacturing approaches are frequently assumed to contribute reduced 

environmental impacts compared to conventional methods, there is a lack of evidence to support 

these claims. The aim of this study was to undertake an environmental comparative cradle to grave 

life-cycle assessment of conventional versus digital workflows for the fabrication of a dental ceramic 

crown.  This study provides, for the first time, an assessment of the environmental impacts of each 

workflow and the key high impact ‘hotspots’, so that these can be addressed and mitigated effectively. 

Energy consumption, device transportation, patient travel, manufacturing and waste management 

were included in the model. The findings from this study and their associated interpretation are 

presented within the limitations of the established scope and premises. 

As identified in previously published work [6,15,24], our study confirmed that the single greatest GWP 

impact arises from patient travel for dental appointments, regardless of the workflow chosen. Patient 

transportation was assumed by car with unleaded petrol, and although the number of appointments 

and the distances were the same for each workflow, this remains the greatest contribution overall, 

representing 88.2% of the total GWP (Figure 2). There is scope to mitigate the pollutant impact from 

patient travel with digital workflows that use chair-side one-time appointment scenarios. The use of 

transport (electric cars, public transport) based on renewable energies is a further mitigation strategy. 

Whilst patient transport involves a very significant impact. The transport distance of 

materials/prostheses between the dental practice and the technology laboratory has a small effect. 

Duane et al. reported on the environmental impact of patient and staff traveling to dental practices 

and laboratories and identified that dental technology laboratories that are ‘local’ to the dental 

practice will result in a smaller environmental pollution impact [15] reported on the environmental 

impact of patient and staff traveling to dental practices and laboratories and identified that dental 

technology laboratories that are ‘local’ to the dental practice will result in a smaller environmental 

pollution impact. 

Although transport contributions were anticipated to be highly relevant, our key finding emerges from 

directly comparing the selected manufacturing workflows. Unexpectedly, conventional and digital 

practices are broadly similar for the overall environmental impacts, highlighting that careful analysis 

is essential for drawing conclusions and designing effective mitigation strategies. 

When comparing the obtained data, the digital workflow shows an increased carbon footprint 

compared to the conventional route, with approximately 30% greater impact. However, it is important 

to note the assumptions that were made and the potential impact of these variables. For example, 

machinery lifetime is an important consideration - if the highlighted equipment were to last longer 

than the average calculated (7.5 years) or used more intensively (>8 intraoral scans and >11 millings 

per day), the use of the machinery will be increased within its lifetime, and this will result in an 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



16 
 

improved environmental outcome. The energy consumption used for each type of equipment was 

obtained from the manufacturers’ promotional and technical brochures and based on UK grid 

electricity, with electricity used in the UK and omitted energy used in standby mode or when used 

intermittently. In some cases, power use was calculated based on the voltage and maximum rated 

current for the equipment, meaning that this would only correspond to the maximum energy usage 

that is being consumed while the equipment is working at its higher efficiency, and does not consider 

when the equipment is turned on but on standby mode during the day. There is a further opportunity 

to mitigate the impacts from machinery, through effective recycling routes for component parts. 

Another very important aspect to highlight is the inclusion of 3D-printed models as part of the digital 

workflow, which resulted in a higher impact compared to the conventional workflow. The ability to 

omit the 3D-printed model completely from the workflow would represent a further mitigation gain 

with a reduction of the GWP impact by approximately 0.8 kgCO2e per ceramic dental crown. This 

means that the total impact between digital and conventional workflows would be similar (9.891 and 

9.301 kgCO2e respectively). For this LCA, the modelling of the 3D-printer and PMMA resin was based 

on a LCA study of desktop stereolithography reported by Mele et. al, [22]. The possibility of recycling 

these models is also a point for further investigation. In the ‘one time appointment chair-side CEREC’ 

digital workflow scenario, the 3D-printed models were omitted as their use is not necessary in these 

cases.   

A hotspot mitigation opportunity focuses on a reduction of patient travel.  A chair-side one-time 

appointment restoration provides a complete digital workflow with the intra-oral scan, restoration 

CAD/CAM process and crown cementation executed  in one single clinical appointment.This scenario 

results in a reduction of   the total impact of GHG emissions by approximately half, obtaining a result 

of 5.173 kgCO2e per dental crown.  

When focusing on the material units that are used in the fabrication processes, it was observed that 

zirconia discs contribute the greatest impact, followed by 3D-printed models. This may be attributed 

to the ratio  of the total disc weight and the amount of waste generated from millingan optimised 

quantity of dental crowns (20 zirconia dental crowns of 3 g each). The larger zirconia disc weighs 460 

g and creates a total waste  from milling twenty crowns of 400 g, that is disposed of in landfill. The 

ability to recycle the green state zirconia powder residue and reuse it for the fabrication of more 

zirconia dental crowns is the subject of current research [23]. A zirconia disc of 300 g was also 

modelled for this study, and the difference in GWP and waste can be seen in Table 3. The digital 

workflow with 460 g Zirconia disc has the highest impact across all transport and end of life cases, and 

the conventional workflow has the lowest. 

Figure 2 shows the overall contribution of the digital workflow compared to the conventional 

workflow in the eighteen impact categories, where the digital pathway contribution is higher for both 

waste treatment scenarios (landfill and mixed treatment). This is associated with the extraction of raw 

materials and the manufacturing of the products (materials and equipment). Although the percentage 

differences observed in the GWP between the digital and conventional workflow are not substantial, 

this changes for the categories of marine eutrophication (MEP) and mineral resource scarcity (SOP). 

On the other hand, there is an important difference in the categories of stratospheric ozone depletion 

and ionizing radiation, where the conventional workflow surpasses the level % of all the digital 

workflow scenarios.  
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This study aimed to establish a baseline for understanding the environmental impacts of conventional 

and digital manufacturing pathways in dentistry, which will enable more accurate future comparisons. 

Although transport contributions were, as expected, very relevant, GWP results were found to be 

similar when directly comparing digital and conventional workflows. These findings challenge 

common assumptions and claims about the greater sustainability of digital approaches and provide 

useful insights for developing strategies to reduce environmental impacts in dentistry and related 

fields that use both traditional and emerging digital pathways. 

Strengths and Limitations 
For the first time, through a comprehensive comparative Life Cycle Assessment, we have a real 

appreciation of the environmental sustainability credentials of workflows (conventional vs digital) 

for the fabrication of a dental ceramic crown.  

This study has established a knowledge baseline that identifies the true environmental impacts 

arising from these workflows and the hotspots points within the workflows that contribute most 

significantly. 

This Life Cycle Assessment has followed ISO 14040:2006 and 14044:2006 standards, but is 

nonetheless subject to limitations. The eighteen environmental impact categories defined by the 

ReCiPe 2016 Midpoint Hierarchical impact assessment method v 1.09 method were calculated 

(Figure 2), but the detailed results presented subsequently consider Global warming potential (GWP) 

as the only impact category. GWP was selected as the key impact category since climate change 

impacts are of particular concern. However, though GWP is often treated as a proxy for 

environmental impact, there would be value in a future study considering a wider range of impact 

categories in more depth. The GWP results presented here highlight that Conventional and digital 

workflows have similar impact, but initial results suggest that this may not be the case in all impact 

categories. 

The use of proxy data for three cases has the potential to reduce the accuracy of the results, 

however the selected proxies are very closely related to the original products, and none of these 

products contribute to the largest environmental impacts. Consequently, the impact of proxy use is 

likely to be small, though by definition, it is not possible to formally quantify the difference between 

proxy results and ideal case results. Sensitivity analysis was undertaken in areas of higher 

uncertainty (laboratory transport distance and end-of-life treatment). 

The functional unit for this project of one dental ceramic crown (zirconia and lithium disilicate), 

manufactured and ready to cement provides clinically relevant data that enables appropriate analyses 

and the development of mitigation hotspots. 

The UK context enabled the use of accurate region-specific data, improving the robustness of the 

results. The UK is considered representative of middle-high income countries enabling 

extrapolations to similar settings.  The results from the LCA, identify that the actual workflow is not 

significantly influenced by neither the energy source nor waste management practices as these are 

applied equally to the different workflows. The number of patient journeys required to attend 
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clinical appointments stands out as the greatest factor, that is independent of national or regional 

settings. 

The focus of this study does not include cost analysis and operative time assessments. Including 

these would expand the impact of the study beyond environmental impact, expanding our breadth 

and depth of knowledge in this field. These would require specific methodologies and extensive 

further modelling and have not been considered in this initial study. 

Conclusions 

Within the scope and premises of this study, this investigation provides for the first time a picture of 

the Global Warming Potential environmental impact of conventional and digital (multiple and single 

appointments) workflows and the key high-impact hotspots, so that these can be addressed and 

mitigated effectively. This provides the required knowledge base to inform more sustainable clinical 

practices and guide the dental community toward adopting more environmentally responsible 

approaches. Key conclusions are: 

● Contrary to the prevailing assumption that digital workflows have a lower environmental 

impact, this study demonstrates that conventional and digital workflows are associated with 

similar overall environmental impacts. This study highlights that careful analysis is essential 

for drawing conclusions and designing effective mitigation strategies. 

● The single greatest environmental impact (represented as GWP impact) arises from patient 

travel for dental appointments, regardless of the workflow chosen. 

● A focus on the material units that are used in the fabrication processes, identified that zirconia 

discs contribute the greatest impact, followed by 3D-printed PMMA models. 

● A series of practices are considered to mitigate the environmental impacts arising from the 

fabrication of a ceramic crown:  Reduction in patient travel as much as practicable; avoid the 

use of printed 3D plastic physical models where feasible; maximise the workflow and 

productivity of all machinery and equipment; identify recycling and reuse of equipment and 

materials wherever possible. 

Research data  
The data used to calculate the Life Cycle Assessment that supports this research publication has been 

shared – This data can be freely downloaded from the University of Sheffield Research Data Repository 

at https://doi.org/10.15131/shef.data.30247105, under the terms of the Creative Commons 

Attribution (CC BY-NC 4.0) licence. 
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