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A B S T R A C T

Diamond is a form of carbon that has been attracting attention for hundreds of years, owing to its physical and
chemical properties of hardness, thermal conductivity, chemical inertness, and transparency. Labor and the long-
term impact of a diverse workforce, is one of the most important factors in diamond mining and production and
must be considered when assessing economic benefits. In the present study, we examined the labor input required
to obtain one carat of diamond, via three methods: open-cast mining, high-pressure high-temperature synthesis
and 2.45-GHz microwave plasma chemical vapor deposition. We discovered that to produce a carat of (near-)
colorless diamond, the labor inputs are approximately 1.83 h and 3.43 h of work using the HPHT and 2.45-GHz
MP CVD methods, respectively. We noted a lower labor input of work per carat for the mining of diamonds of
assorted sizes and colors from the two main DeBeers diamond fields in Botswana (Orapa and Jwaneng). This
paper is based on our observations and public reports, and we think that our findings will be helpful in under-
standing the labor input per carat for the analyzed methods, understanding the main technological challenges
facing the diamond industry that could potentially affect future labor productivity.
1. Introduction

Diamond synthesis is a major challenge not only for the jewelry in-
dustry but also for electronics, quantum communication, thermal man-
agement and etc. Some companies, such as the DeBeers Group (Element
Six, 2016), have already diversified their product range to offer cus-
tomers both mined and lab-grown diamonds, at different prices
(“Element Six | Synthetic Diamond and Tungsten Carbide Experts”).
However, the majority of diamond mining and trading companies
continue to focus only on mined diamonds, the quality of which are
enough for the jewelry. Depending on the mine, the size of rough dia-
mond can vary from a few hundredths of a carat to stones weighing more
than 1000 carats. The largest and arguably the most famous gem-quality
diamond ever to be found is the beautiful Cullinan diamond, the rough
diamond weighed 3106 carats when it was mined in South Africa by Sir
Thomas Cullinan, in 1905. Although Cullinan is known as one of the
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1893 and weighs a total of 3167 carats (“Top 8 largest diamonds in the
world | CT Diamond Museum,” 2017). The average size of rough dia-
mond mined can weight from 0.01 ct to more than 0.7 ct. (“Indian
Minerals Yearbook 2019 (Vol - III: MINERAL REVIEWS)”).

Despite ongoing diamond mining and debates about the benefits and
business opportunities of diamond synthesis, diamond growers have
contributed significantly to the new range of meta-materials (Tikhomir-
ova et al., 2020), quantum technology (Babinec et al., 2010), thermal
management (Palko et al., 2017) much like medieval alchemists, who
enhanced practical technology while looking for the “philosopher’s
stone.” Businesses examining and comparing new manufacturing
methods must estimate the main input costs of each method, in order to
choose the most suitable one.

Diamond synthesis can be achieved through several different tech-
nologies. Briefly, these are the following:
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1. High-pressure high-temperature (HPHT) diamond synthesis (Yunin
et al., 2018), was first used commercially after publication in the
1950s by General Electric and has undergone decades of intensive
development. It is the oldest technique and is considered efficient. The
majority of lab-grown diamonds, especially small diamonds and those
used in technical applications, are grown using the HPHT method.
According to the available data, the largest man-made colorless rough
diamond grownby theHPHTmethod by St. Petersburg-headquartered
New Diamond Technology LLC, in less than 300 h weighed 32.26
carats (“World’s largest colorless grown diamond | New Diamond
Technology”). Also, New Diamond Technology managed to grow by
HPHT method for 400 h a nitrogen-containing diamond weighing
129.47 carats and sized 29.5� 29.5� 21 mm (“NewWorld Record in
diamond Growing”). The blue crystal weighs 150.42 carats and sized
28.55� 28.25� 22.53 mm and the gray crystal weighs 141.58 carats
and sized 28.90� 28.50� 20.75 mm. Both crystals were produced by
biotech companyMeylor Global using the HPHT process (“Lab-Grown
Diamonds Setting New Size Records”)

2. Chemical vapor deposition (CVD) is a new and promising diamond
synthesis technology. There are several different types of sub-
methods of CVD (Schwander and Partes, 2011; Spitsyn et al., 1981)
such as hot filament (HF), direct current (DC), and microwave plasma
(MP) CVD (Schwander and Partes, 2011). HF and DC CVD have many
advantages, such as their productivity, but the resulting diamonds
have limited applications, such as abrasive and cutting purposes (i.e.
surgery scalpels), gemstones, and are not suitable for high-tech
electronic and optic applications (Mankelevich et al., 1998; Polush-
kin et al., 1994). The MP CVD method, by contrast, creates
superior-quality products that are acceptable for all the purposes
mentioned above, i.e., from jewelry to quantum memory (Wu et al.,
2016). MP CVD allows for excellent control of impurity levels, which
is essential for growing high-quality crystals for optical, electronic, or
gemstone usage. The largest CVD diamond is a 16.41-carat
princess-cut stone grown by Shanghai Zhengshi Technology Co. Ltd
(“GIA Examines Largest Known Diamond Grown Using CVD”)

3. Other synthesis methods include detonation (Dolmatov, 2008;
DeCarli and Jamieson, 1961) and cavitation (Galimov, 1973; Frank
et al., 1973), in which diamonds are formed through explosive and
ultrasonic impact, respectively. These methods, however, are still
vastly inferior to HPHT and CVD, in terms of the size and quality of
the resulting diamonds. Nonetheless, detonation and cavitation
remain very promising in terms of cost-effectiveness. It seems only a
question of time before these methods become developed enough to
enter the mainstream.

In our previous article, we already examined the expenditure of re-
sources, such as water and energy, in mining and producing diamonds by
various methods (Zhdanov et al., 2021). We have now decided to look at
labor input as one of the major contributors to the operational expenses
of synthetic diamond production and diamond mining. We hope that our
practical data on a general breakdown of the labor required for various
diamond synthesis methods, as well as for open-pit mining, will be useful
to those interested in diamond synthesis, both for commercial and aca-
demic purposes.

2. Approach and assumptions used for analysis

2.1. Limitations and conditions

The present study focuses on diamond mining and two synthetic
diamond production methods such as HPHT and 2.45 GHz MP CVD.

There are three stages to all methods of diamond production: up-
stream, middle stream, and downstream. These terms have been bor-
rowed from the oil industry (Devold) and are used by the DeBeers Group
in their reports (“The Diamond Insight Report 2021”), with mining
forming part of their upstream process. Different lab manufacturers
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participate in different processes: some only grow diamonds, while
others grow, cut, and polish them. There are also fully-integrated man-
ufacturers who participate in all the processes, from synthesis to working
with wholesale buyers. In this study, we focus on the production of both
mined and synthesized diamonds, i.e., on the upstream stage.

Some data in this study were approximated, to present the potential of
a particular method of synthesis. For instance, while promising tech-
niques have been developed in the field of CVD synthesis, they are
currently employed by a variety of entities. If they were combined into a
single streamlined process and used together, the paradigm would shift.
That is why we will map the main trends which have the potential to
dramatically affect labor input.

The Organization for Economic Co-operation and Development
(OECD) defines national labor productivity (OECD, 2021) as the gross
domestic product (GDP) per hour worked; we also use the number of
hours worked in our calculations, as a measure of labor. Moreover, we
use the labor required to produce one carat of rough diamond (hw/ct) to
compare labor input across different parts of the diamond industry.
Therefore, 1 hw/ct indicates that 1 h of work is required to obtain one
carat of a rough diamond.

2.2. Data sourses

To examine labor input in the diamond mining process, the relevant
data were sourced from public reports of Debswana (“Welcome to Deb-
swana”; “Botswana”), which is the main diamond contributor to DeBeers
(68% in 2018, (“Production Reports”)). DeBeers is one of the
most-studied companies by business schools, as an example of a company
with an effective future-oriented approach, including the area of social
responsibility.

To determine the labor input (hw/ct) required for each diamond
production method, we first acquired a broad overview of each process,
and the kinds of labor operations and staff required at each stage of the
process. We then calculated the labor input (in hours worked) per carat of
rough diamond produced, for each production method. For HPHT and
CVD, we obtained data by visiting various diamond synthesizing plants in
Russia.

2.3. Expected assumptions

Based on our experience and observations, we put forward several
hypotheses about labor productivity in the diamond industry that need to
be confirmed or refuted:

1. The HPHT method has recently become more effective in terms of
labor productivity than other synthesis methods.

2. The CVD and HPHT methods have the potential to bridge the dia-
mond labor productivity gap.

3. There are unique diamond fields where labor input per carat is
significantly lower for both HPHT and CVD methods.

3. Results

Although diamond mining does not leave as much toxic chemical
waste as the extraction of precious metals, it involves the creation of deep
pits, which means disturbing the soil and possibly cutting down the forest
at the site of the deposit. All these factors can lead to changes in the
ecosystem and should be considered. So based on our experience and
ecological trends, we decided to focus first on synthetic diamond pro-
duction analysis with the two most popular methods: HPHT and MPCVD,
and then consider diamond mining.

3.1. HPHT

The HPHT method reflects the natural process of diamond formation
under high pressure and temperature (Bundy et al., 1955). Central to the
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HPHT process is a chamber that contains a mix of iron, cobalt, nickel, and
graphite (which acts as the source of carbon).

Tiny diamond seeds are initially placed into the mix in the chamber
and later become the centers of nucleation. However, if the aim is to
produce only powder-like diamonds, no seeds are needed. A powerful
hydraulic system shown in Figure 1 pressurizes the chamber, up to 6 GPa,
and an internal heating controller supports temperatures of approxi-
mately 1500 �C (Khmelnitskiy, 2015).

Our observations revealed that the common modern HPHT presses
are highly productive, producing approximately 1200 carats per year, as
confirmed by the published data of the Russia-based company New
Diamond Technology (NDT), which is one of the global technological
leaders in the HPHT area (Deljanin et al., 2015). The ability to grow
approximately 1200 carats per year, using commercially-available HPHT
presses, is very important in our further calculations of labor input which
depends on press productivity (DHaenens-Johansson et al., 2015).
However, each manufacturer for a set HPHT process has its own recipe
with its own temperature and pressure modes and correspondingly its
own performance. Moreover, as technology develops, the data changes
rapidly and in most cases this information is kept confidential. The
leading manufacturers of cubic presses on an industrial scale are
currently Chinese companies. Using their upgraded HPHT press, it is
possible to synthesize on average up to 200 carats of diamonds per
month, respectively about 2400 carats per year, depending on the tech-
nology, size of synthesized crystals and quantity of initial seed diamonds.
(“Technology vs monopoly. Market overview of lab-grown gem-quality
diamonds. Part 1. Upstream*”)

HPHT presses are typically assembled into an array, to optimize
water-cooling, energy supply, and operational services. The total number
of presses in one array varies widely between different manufactures.
China-based market leaders use arrays of hundreds of presses, while
quality-focused EU, Russia, and Ukraine “art-growers” use arrays of only
a few presses. After visiting many HPHT facilities we arrived at a simple
estimation: on average, one person is required to operate each press.

Our calculation considers a typical HPHT array consisting of 30
modern HPHT presses comprising two models, with working cylinder
diameters of 750 mm and 850 mm, respectively. The yearly productivity
of each press according to data of NDT company is approximately 1200
carats of jewelry-size colorless and near-colorless (D-J according to
Figure 1. HPHT synthetic diamond hydraulic press.
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Gemology Institute of America classification (“Diamond Quality Fac-
tors”)) diamonds. The total productivity of a 30-press HPHT array is
therefore nearly 700 carats per week if the machines are working on a
24/7 regime. In case of Chinise companies, yearly productivity of each
press is approximately 2400 carats. The total productivity of a 30-press
HPHT array is therefore nearly 1380 carats per week if the machines
are working on a 24/7 regime.

An example of people distribution in an array of 30 HPHT presses is
presented in Table 1.

This table shows approximately 32 people are needed to support a 30-
press HPHT array, operating on a 24/7 regime, and growing approxi-
mately 700 carats of gem-quality average-sized (near-) colorless di-
amonds per week.

The core personnel, who are responsible for the entire process, are the
operators, engineer-technologists, and chemists. They reload and launch
the presses approximately once every 12 days, and control all the pa-
rameters during the process, including pressure and temperature; they
also mix metal powders (iron with cobalt, nickel, and other additives)
with graphite and the initial diamond seed(s). They extract the newly
created diamonds at the end of the synthesis operation and use strong
acids to remove them from the metal medium. This group of staff ac-
counts for the main core competence (Prahalad and Hamel, 2000) of the
operation and an inexperienced operator/technologist/chemist would
reduce the performance dramatically. Other staff play supporting roles in
the HPHT team, each focusing on a particular function that maintains the
process. These roles include highly skilled engineers, suppliers, and ad-
ministrators. Each role is important to ensure that the HPHT process runs
on the 24/7 regime. Typically, these professionals work 40 h per week.

Taking all of this into consideration, we arrived at the following
simple calculations for Russian based (Eq. (1)) and Chinise based com-
panies (Eq. (2)), respectively:

32 � 40 h worked per week/700 carats ¼ 1.83 h worked per carat (hw/ct) (1)

32 � 40 h worked per week/1380 carats ¼ 0.93 h worked per carat (hw/ct) (2)

This estimation of labor input is applicable to (near-) colorless
medium-sized rough diamonds and will be significantly different for the
production of either “dark” nitrogen-rich or small diamonds (Hainsch-
wang et al., 2020). The presence of nitrogen in the HPHT chamber can
significantly enhance the speed of growth, as nitrogen readily replaces
carbon (С) and produce solid solution. Growing many smaller diamonds
in a chamber requires less time than growing larger ones. One press can
produce small-sized diamonds in days, or medium-sized ones in weeks.
The total mass of diamonds will depend on the graphite mass at the
beginning of each cycle. Therefore, more nitrogen and a smaller target
size result in greater productivity for an HPHT press, but the resulting
diamonds are generally small, yellowish to dark brown in color, and are,
therefore, less economically attractive to producers. We, therefore, focus
Table 1. The workforce required to operate a 30-press HPHT array running on a
24/7 regime.

Functionality Total

Operators 5

Engineer-technologists 5

Chemists 5

Tooling-specialists 7

Hydraulic engineer 1

Electric engineer 1

Water and infrastructure engineer 1

System administrators 2

Supply and logistic 2

Cooling-system engineer 1

Managers 2

Total 32
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on nitrogen-free (near-) colorless medium-sized diamonds, which are
well-priced and are generally in more demand.

3.2. MP CVD

The MP CVD method of growing diamonds is very different from the
HPHT method and does not replicate a natural process. It uses methane-
hydrogen plasma, instead of an iron-based graphite melt, and takes place
in a low vacuum inside a CVD chamber. The CVD method allows for the
creation of complicated crystal structures for jewelry, optics and elec-
tronics and precise control of all relevant synthetic parameters.

There are plenty of academic studies about the CVD process (Bühl-
mann et al., 1999; Ivanov et al., 2015; Khomich et al., 2001), including a
detailed DeBeers-affiliated handbook (Element Six, 2016). Different CVD
processes are existing between them: hot filament (i.e. wolfram elec-
trode), direct current (Lyu et al., 2019) (i.e. discharge between two
molybdenum disks), or microwave radiation (Khmelnitskiy, 2015). Such
processes are referred to as HF, DC, and MP CVD, respectively.
Depending on the different CVD processes, the following condition
should be achievable:

� Methane (CH4; a large blue ball with four small red balls, Figure 2)
and hydrogen (H2; red coupled balls, Figure 2) disintegrate into
methyl radicals and atomic hydrogen, which are both very unstable,
and the vast majority of them promptly integrate back into CH4 and
H2. Some methyl radicals are absorbed to the diamond lattice (blue
structure in Figure 2) and are later dehydrogenated (schematically:
CH4 þ 2H2 ¼ CH3 þ H þ 4H ¼ C þ 4H2).

� To support the dissociation of methane and hydrogen, a high tem-
perature or plasma enhances are needed.

� A low pressure combined with a temperature gradient (diamond
surface should be slightly colder) is required to control the synthesis
process.

We have already mentioned the disadvantages of HF and DC CVD,
related to the risk of impurity. Such impurities are undesirable for elec-
tronic and optic projects, which is why we limit our analysis to MP CVD,
where plasma is usually created by a magnetron (gyrotron-supported
CVD reactors are also used, but are not very common (Glyavin et al.,
2020; Vikharev et al., 2006)). CVD reactor magnetrons operate on spe-
cific frequencies of 915 MHz (Ando et al., 2002) or 2.45 GHz (Horino
et al., 2006). As the authors of this study have no experience using 915
MHz magnetrons, we have limited our discussion to the 2.45 GHz MP
Figure 2. Scheme of MP CVD process chemistry and 2.45-GHz MP CVD reactor.
(1) magnetron; (2) chamber (where diamonds grow); (3) control panel, (4)
pumps, (5) electric, gas, and refringent supply cables.
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CVD method. In the CVD process, the speed of diamond deposition, and
therefore the productivity, depends to a large extent on the plasma
density (Silva et al., 2009b), though many other parameters must also be
taken into consideration. If all other parameters are equal (including
magnetron power and the inner pressure of the CVD chamber), the main
difference between the two magnetron frequencies is the plasma distri-
bution. A 915-MHz magnetron results in a larger plasma “spot” than a
2.45-GHz magnetron.

The labor input for the CVD process is also correlated with the mix of
gasses that are used. Methane CH4 is a widely used source of carbon in
the CVD process, although some researchers have successfully used other
carbon-based gasses (Kitaura et al., 2015). Such process has one major
disadvantage in that it is explosive, which demands more attention when
working to avoid any risk to staff. This fact is important for labor input, as
someone experienced should be responsible for methane supply. On
average, the plasma in the CVD reaction is based on hydrogen (H2), with
only a small fraction of methane, just enough to support deposition
(Figure 2). Although hydrogen is even more explosive than methane,
modern hydrogen stations can work automatically on a 24/7 regime and
do not require a lot of staff attention, and one hydrogen station can easily
support an array of CVD reactors.

Nitrogen content has an influence on CVD productivity, as nitrogen
always amplifies diamond synthesis. Adding nitrogen to hydrogen-
methane plasma can increase the speed of deposition (Liang et al.,
2009; Silva et al., 2009a) (Figure 3). Nitrogen is a perfect “parasite” in
terms of any diamond synthesis, as it generally reduces the value of the
diamond, sometimes significantly. In spite of the rise in demand for fancy
colored diamonds (“Lab-Grown Diamonds – Lightbox Jewelry”; “Tech-
nology”) and quantum memory projects (Wu et al., 2016), nitrogen-free
(near-) colorless diamonds (D-J by GIA classification (“Diamond Quality
Factors”)) are still more sought-after for both jewelry and the field of
optics and electronics.

We observed that the average deposition rate of a 2.45-GHz MP CVD
reactor is approximately 35 μm/h (sometimes exceeding 50 μm/h or 100
μm/h) (“Technical Specifications | ARDIS 300”) especially at the end of
the cycle, but much lower at the beginning (Liang et al., 2009; Silva et al.,
2009a). Following this, 1–2 days of downtime is required to reload the
reactor. Based on our observations, each reactor we studied was able to
synthesize, on average, 7 carats per week in a single-crystal regime
(illustrated in Figures 3 and 4). There is one curious advantage of CVD
synthesis: the growth of the diamond can be observed (Figure 3), which is
impossible during the HPHT process.

Our observations are based on a relatively small MP CVD array of only
5 reactors. However, to make the estimate of hourly labor input more
realistic we have based our estimate on an array of 10 reactors, as we feel
that is the optimal number for a CVD array. To clarify: despite there being
a positive correlation between the number of reactors and business
Figure 3. Photo of growing process in CVD reactor after a few days of synthesis.



Figure 4. Cubic-shaped recently synthesized MP CVD diamond with parasitic
polycrystalline jacket. This process is, therefore, beyond the upstream stage and
has been omitted from our calculations.

Table 2. The staff required to support an array of 10 2.45-GHz MP CVD reactors.

Functionality Total

Operators 4

Senior grower (head of the laboratory) 1

Administrator (supply, external operations) 1

Total 6
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performance, a 10-reactor unit can be run by only 1 operator, and so it
can be used as the building block to construct larger arrays.

Each reactor requires servicing, including regular downtime, and all
vital parameters must be controlled during the synthesis process. This
means that an experienced member of staff is required to perform the
following tasks:

� Clean the chamber via different protocols (for hydrogen and oxygen
usage) to remove all parasitic layers. If this is not done, the diamond
will be impure.

� Input a correctly oriented diamond seed (the Miller index (Schermer
et al., 1995) should be {100} to maximize the speed of deposition),
avoiding any pollution on its surface.

� Start the synthesis, carefully raising the temperature and controlling
the hydrogen-methane mix and the pressure (less than 1 atm) in the
resonator.

� Maintain the vital parameters during the whole cycle (which can last
for days, weeks, or even months (if growing a polycrystalline dia-
mond window for the International Thermonuclear Experimental
Reactor (ITER) project (Thumm, 2011)).

� Slow down plasma in the reactor before stopping it.
� Extract the diamond and repeat the process.

All the tasks mentioned above require highly skilled professionals:
there should be someone near the reactor throughout the 24/7 regime,
one person should be responsible for the more complicated process of re-
loading, and another person should manage all the processes, including
the supply operations (e.g. methane delivery and the purchase of spare
parts). Thus, if staff work 8-hour shifts, an array of up to 10 MP (or HF)
CVD reactors requires at least 4 CVD operators, 1 senior grower (or head
of the laboratory, in our terminology), and 1 administrator (Table 2):

We use the same approximation as for the HPHT process, i.e., an
average of one person per reactor. Therefore, our estimate of labor input
required per carat for an array of 10 CVD reactors is as follows (Eq. (3)):

6*40 h worked per week/70 carat ¼ 3,43 h worked per carat (hw/ct), (3)

Although some additional labor input is required to remove parasitic
crystal deposits from the body of the single crystal (Figure 4), some
customers prefer to perform this operation themselves in order to
maximize the weight of the final polished diamonds.
5

3.3. Mined diamond

As mentioned in Section 1, this study focuses on the upstream part of
the diamond “pipeline” other stages that add value through cutting,
polishing, and marketing are beyond the scope of our research, despite
their importance. For diamond mining, kimberlite ore must first be
extracted, then moved to the concentrating factory. Moreover, the dia-
mond field must be explored in advance of any mining activities.
Exploration for diamonds also falls into the upstream process. However,
here we exclude the input hours worked by geologists, as these figures
are insignificant compared to the total hours worked to exploit the field.
Exploration for a new diamond field is akin to manufacturing a new
HPHT press or CVD reactor, i.e., it is a preliminary step, which is, of
course, important, but is insignificant in terms of total further labor input
per carat.

This study considers two diamond pipes mined by the DeBeers Group.
These are Orapa and Jwaneng (“Botswana”), both situated in Botswana.
In 2018, 12.2 and 11.9 million carats of diamond, respectively, were
mined from these kimberlite pipes. There are 3037 and 2000 employees
at Orapa and Jwaneng, respectively. Thus, the calculation of the average
labor unit of these upstream diamond operations is given in Eq. (4)

(3037Orapa þ 2000Jwaneng) * 40 h per week/((12.2 þ 11.9) millions of carats)/52weeks)
¼ 0.43 hw/ct, (4)

3.4. Summary

Summary data are presented in Table 3.
The labor input of key DeBeers kimberlite pipes is significantly

different from that of the artificial-diamond competitors. On average, it is
necessary to spend less than half an hour of a miner’s work to obtain one
carat of a diamond from the Orapa or Jwaneng pits, while it takes more
than 1 or 3 h of growers' time to achieve the same, using the HPHT or MP
CVD methods, respectively. We are able to modify the “classical” (OECD,
2021; Thomson and Webster, 2013; Freeman et al., 2008) labor pro-
ductivity, which is measured using currency (i.e. USD), to “diamond”
labor productivity (hourly, not annually), measured in carats. Obviously,
this measure should be inversed to the labor inputs that we found,
namely 1/1.83, 1/0.93, 1/3.43, and 1/0.43 hw/ct, to obtain the carats
obtained per hour worked for HPHT, MP CVD, and the Orapa/Jwaneng
pits, respectively (Figure 5).

It is important to note that mining labor input will vary for different
types of deposits (alluvial, etc.). Our findings are applicable to two
Botswana-based deposits. However, these two have recently been the
main contributors (“Production Reports”) to DeBeers Group diamond
production.

Furthermore, the MP CVD findings do not include the removal of the
parasitic polycrystalline “jacket” from the single diamond crystal
(Figure 4). Indeed, the mass of the polycrystalline “jacket” is not zero,
and its inclusion would reduce labor input by increasing the carat weight.
However, it was excluded as there is no economic demand for powder-
like polycrystalline diamonds.

Сalculated labor input figures for lab-grown diamonds are only
applicable to colorless diamonds, while very few mined diamonds are
truly colorless. This should also be taken into consideration. Nitrogen-



Table 3. Comparison of discussed parameters for HPHT, MP CVD, and mined diamonds.

Process Origin N� of
people

Labor input,
hw/ct

Quality
control

Productivity Mobility Preliminary
work

Notes

HPHT Nature
replication

Medium 1.83 Medium High High High The cubic HPHT press, producing ~23 carats of (near-)
colorless average-sized diamonds per week

HPHT Nature
replication

Medium 0.93 Medium High High High The cubic HPHT press, producing ~46 carats of (near-)
colorless average-sized diamonds per week

2.45-GHz
MP CVD

Not natural Low 3.43 High Low High Low 2.45-GHz MP reactor, with a capacity of ~7 carats of
(near-) colorless, single-crystal diamonds per week

Mining Natural High 0.43 Low Very high Very
low

High Orapa and Jwaneng Mines, Botswana, DeBeers Group,
mixed size of diamonds

Figure 5. Labor productivity diagram showing how many carats of a rough
diamond can be produced per worked hour, using the HPHT, 2.45-GHz MP CVD,
and mining (Orapa and Jwaneng) methods. Figure 6. Schreck’s 92 mm single-crystal diamond plate (Schreck et al., 2017).
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free diamonds are significantly slower to synthesize, which means that
more labor hours are needed.

4. Discussion

We performed an in-depth analysis of one of the main contributors to
operation expenditure (OpEx) in diamond production, namely, the
number of people required to produce diamonds. We showed that dia-
mond mining at the Orapa and Jwaneng mines is still the most effective
way to produce diamonds in terms of labor input per carat. The HPHT
method of diamond synthesis comes second, which explains its global
dominance. The 2.45-GHz MP CVD technique is the least labor efficient
among the three. Industrial applications of this method should therefore
be focused on both management (less staff for more reactors) and inno-
vation (raising diamond productivity per reactor).

There are positive trends for all three methods of diamond fabrica-
tion. First, the hydraulic presses used in HPHT have become bigger and
smarter; the success of Russia-based company NDT in growing large di-
amonds is an example of this trend (DHaenens-Johansson et al., 2015).
Consequently, the inner chamber can be made bigger, which would allow
one to growmore diamonds per cycle. The rise of equipment productivity
can reduce the labor input per carat. Currently, presses are limited to six
cylinders with a maximum diameter of 1000 mm. If this diameter is
increased to be several meters, the volume of the inner chamber where
diamonds are grown could also be increased dramatically.

Innovations in the CVDmethod could also reduce labor input. Mainly,
the size of the initial seed influences labors input. Logically, a larger seed
is better, as it results in more carats per hour of labor worked. The syn-
thesis of a 92 mm single-crystal diamond plate (Figure 6) by German
scientists (Schreck et al., 2017) has been perhaps the most important
development in CVD methods over the last decade.
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Schreck et al. (2017) grew a large plate using CVD in 2014. It is
merely a question of time before this result is duplicated and scaled up in
DC or MP CVD reactors. As a potential consequence, the size of lab-grown
diamonds will increase dramatically. For example, two-inch-diameter
high-quality free-standing diamond layers were grown on substrate,
which allows step-flow growth and delamination without cracking (Kim
et al., 2021). We believe that the CVD method, not HPHT, will allow for
the synthesis of a record-sized diamond in the near future. There is at
least one limitation to obtaining large diamonds via the HPHT method:
uniform carbon convection is required when growing crystals inside the
chamber. If the size of the crystal is below a dozen carats, this is not
difficult, but if the size is close to hundreds of carats, carbon convection is
not uniform across all zones of the growing crystal, resulting in a
funnel-shape inside the large HPHT diamond. There are no such issues
with the CVDmethod. This nuance is essential if someone were aiming to
grow enormous diamonds. In other words, the CVD technology is tech-
nically more controllable, despite performing worse in terms of labor
input (2.45-GHz MP CVD), as mentioned above.

Mining also has great potential for enhancing labor productivity, such
as autonomous carrier trucks, robotized concentrate factories, etc. There
are endless innovations, and many aspects can be improved. Despite the
mining technologies being more “mature” than those based on applied
physics, mining remains a very innovative industry.

5. Conclusions

In this paper, we have shared our estimates of the labor input required
to obtain diamonds. According to the labor input breakdown for the
HPHT and 2.45-GHz MP CVD methods, one carat of a (near-) colorless
average-sized diamond requires 1.83 and 3.43 h of work, respectively.
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Our evaluation confirms the hypothesis that among the methods of dia-
mond synthesis, HPHT is more productive in terms of labor input.
Analysis of public reports from the global diamond producer De Beers
shows that it takes approximately 0.43 h of work to obtain one carat of a
diamond from the Orapa and Jwaneng mines (Botswana), the 5th and
2nd biggest diamond fields in the world, respectively. Thus, we have
shown that diamond mining remains the most labor-efficient, compared
to diamond production.

Furthermore, there are many technologies that could significantly
decrease the labor input required for the analyzed methods; the increase
in capacity of hydraulic-based HPHT presses, the availability of large
initial diamond seeds for CVD, and automation innovations in mining are
all good examples. These trends will have a strong impact on the dia-
mond industry, and consequently, diamonds may find application as
construction materials with unique physical properties in optics, elec-
tronics, medicine, quantum technologies, and many other fields.
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