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Abstract

Zcash is a proof-of-work (PoW) cryptocurrency that has gained attention due to its promise of enhanced user privacy.
Notwithstanding, Zcash’s thorough acceptance notably depends on how profitable its mining process can be. To
tackle this issue, we propose an analytical model to compute the mining hashrate under solo mining to achieve a
liquid revenue equal to the minimum wage in the United States. In the sequence, we then estimate how profitable
Zcash solo mining is based on that computed mining hasrate. Our proposed model spans crucial parameters of
the whole mining process. In the experiments, we compare Zcash with the popular Bitcoin and also present a
competitive analysis encompassing the ten top cryptocurrencies by market capitalization. Final results highlight
that: (i) Zcash owns a value of hn,i, which is about eight orders of magnitude smaller than that of Bitcoin in all
investigated scenarios, which refer to the ten least and most expensive american states in terms of electricity tariff;
and (ii) Zcash is the second best cryptocurrency for solo mining among the aforementioned ten cryptocurrencies,
being the only one whose protocol implements the concept of zero-knowledge proofs. Within this context, our key
contribution is to provide the scientific literature with valuable insights to formally pave the way to develop practical
analytical models for PoW-cryptocurrency systems, which may be chiefly valuable regarding competitive analyses

in general.
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1 Introduction

All cryptocurrency’s minting and trading activities are anony-
mously performed within a computer peer-to-peer (P2P) net-
work, which is managed by a set of communication proto-
cols under strong cryptography. As main feature, we high-
light the non-dependency on centralized entities. This yields
a rather sophisticated payment system which is much more
resistant to banks’ and governments’ influences than those
conventional ones [Quamara and Singh, 2022].

Under a technological view, the vital computational pro-
cess of a proof-of-work (PoW) cryptocurrency system is
block mining [Hong, 2022]. This process refers to building
and validating data blocks formed by system users’ trans-
actions. In case this is executed by a single network peer,
we have the solo mining. In case a group of network peers
work together, we have the pool mining. The network peers,
denoted as miners, are incentivized to participate by the
prospect of acquiring a predetermined number of cryptocoins
for every mined block, called the mining reward. In general,
the more competing miners exist to mine blocks, the more
difficult it becomes to receive rewards [Quamara and Singh,
2022; Li et al., 2021].

The worldwide known Bitcoin PoW-cryptocurrency was
proposed in the year 2008 [Nakamoto, 2008]. It has grown
substantially since then, judging from its market capitaliza-
tion which has already reached an expressive mark of about
USD 352.29 billion [CoinMarketCap - Prices, 2022]. More-

over, it is recognized for its secure and profitable mining pro-
cess. Other PoW cryptocurrencies have emerged based on
Bitcoin’s proposal over time. Among them, the Zcash cryp-
tocurrency [Daira Hopwood, 2021; Ben Sasson et al., 2014]
has called attention due to its promise of being truly anony-
mous: unlike the Bitcoin’s protocol, the Zcash’s protocol re-
tains no sensitive details of a system user’s transactions, such
as sender’s and receiver’s public keys besides the amount be-
ing transferred between accounts. As a result, Zcash can thus
provide a kind of enhanced privacy to its users, especially
compared to Bitcoin [Biryukov and Feher, 2019; Modesti
et al., 2021; Jawaheri et al., 2020].

The Bitcoin and Zcash cryptocurrencies own quite similar
mining processes, and their corresponding miners often de-
ploy analogous hardware platforms. Notwithstanding, Zcash
usually has less competing miners and grants smaller rewards
to miners [Li et al., 2021]. From this, we may then wonder
whether Zcash’s block mining is more profitable than Bit-
coin’s. Tackling this issue surely helps to predict how suc-
cessful Zcash may still be in the upcoming future, since any
PoW cryptocurrency’s thorough acceptance depends a great
deal on its mining profitability.

It is though worth noting that the computation of the afore-
mentioned profitability is not an easy task. It depends on
several pivotal parameters related to the entire mining pro-
cess, such as hardware electrical power, electricity tariffs, ex-
pected rewards, and mining hashrate. Furthermore, as far as
we are concerned, no closed-form solution to compute this
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profitability has been presented in the literature up to the cur-
rent moment.

The above is the motivation for this paper, whose
main goal is to propose a generic analytical model under
solo mining to compute the mining hashrate for a liquid rev-
enue that equals the minimum wage in the United States
of America (U.S.). The minimum wage underpins the or-
dinary citizen’s purchasing power and, hence, constitutes a
suitable baseline for our study. Besides, we also compare
Zcash against the popular Bitcoin as for the aforementioned
mining hashrate, and still carry out a competitive analysis
against the top ten cryptocurrencies by market capitalization.
The proposed model especially enables the following overall
guidance: the computation of the mining hasrate provides
evidence of how much computational effort is expended by
miners and may be used to help estimate the solo-mining
profitability.

It is important to outline that the main contribution of this
paper is thus to provide the literature with valuable insights to
formally pave the way for developing new analytical models
to assess the profitability of mining processes, which may re-
sult very useful for conducting competitive analyses between
PoW-cryptocurrency systems in general.

The remainder of this work is structured as follows. Sec-
tion 2 briefly reviews essentialities concerning both Bitcoin
and Zcash cryptocurrency systems. Related work is dis-
cussed in Section 3. In Section 4, we explain the proposed
analytical modeling. Section 5 brings the experiments and
discusses the obtained results from the comparison of Zcash
with Bitcoin, besides the competitive analysis spanning the
ten top cryptocurrencies by market capitalization. Finally,
overall conclusions and directions for future work constitute
Section 6.

2 Essentialities

2.1 The Bitcoin protocol

Bitcoin’s architecture is based on a public-ledger philosophy.
This means that all system users have access to all accounts’
states, besides all transactions that occur, in a global-scale
P2P network. Every time a transaction happens, the sender’s
and receiver’s ledgers must be both updated, reflecting the
current system state. The ledger is implemented through
the concept of the Blockchain technology [Rodrigues, 2021;
Sanka and Cheung, 2021], which is succinctly commented
in the next subsection.

As already mentioned, each network peer is a miner,
whose role is to mine blocks to receive rewards which, in this
case, are measured in number of Bitcoins (BTCs). Moreover,
as sequences of characters (i.e., public keys) are used instead
of personal identification (ID number, address, phone num-
ber, etc.), a partial privacy is granted to its system users. By
partial we mean it is possible to trace transactions to find
out the real owners of the public keys through forensics [Yin
etal., 2019].
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2.2 The Blockchain technology

Users’ transactions are initially submitted to the P2P net-
work. They are then grouped into blocks by miners. Af-
ter being mined, each block is then propagated in the P2P
network. When a miner receives a mined block, it veri-
fies the block and adds it to the just previous mined block,
creating a linked list of mined blocks. This list is denoted
as Blockchain. Hence, besides denoting the distributed-
ledger technology underpinning the Bitcoin cryptocurrency,
the term Blockchain also refers to the ordered sequence of
mined blocks, whose first block is called genesis block.

As amatter of fact, different blocks may possibly transit in
the network at the same time. Additionally, different miners
may successfully mine different blocks they believe to be the
very next block of the Blockchain. As different parts of the
network receive different pieces of information regarding the
mined blocks, each miner creates its own version of what it
assumes to be the right extension to the current Blockchain:
the next block is always the mined block the miner has just
received. This extension is called a branch.

Since different branches are very likely to be generated, it
is assumed by design that only the longest branch will defi-
nitely merge with the current Blockchain at some time in the
future. As a result, all other remaining shorter branches are
forgotten (i.e., discarded), and so are their blocks and trans-
actions within [Rodrigues, 2021; Sanka and Cheung, 2021].

2.3 The Zcash protocol

Zcash was launched in the year 2016, owning cryptocoins
denoted as ZECs. It is based on Bitcoin’s codebase, thereby
sharing significant similarities on how the protocol overall
operates [Li et al., 2021]. Aside from protocol’s specificity,
the main difference is that transactions in Zcash may be per-
formed in two distinct modes, not shielded and shielded, as
briefly discussed in what follows.

Not-shielded transactions are the same as the ordinary Bit-
coin’s transactions, presenting no significant technical dif-
ference. By its turn, shielded transactions disclose neither
sender’s and receiver’s public keys, nor the amount being
transferred between users’ accounts. Notwithstanding, this
information may be disclosed if legally requested in the case
of a formal audit. The protocol achieves that by utilizing
the concept of zero-knowledge proofs, i.e., transactions may
happen without any transiting of information regarding the
involved parts themselves [Zhang et al., 2020; Biryukov and
Feher, 2019; Daira Hopwood, 2021].

2.4 Proof-of-Work

Proof-of-work (PoW) stands for a decentralized consensus
mechanism that requires miners to expend effort solving an
arbitrary hard mathematical puzzle. In practice, a miner must
acquire a right to add a block to the Blockchain, i.e., the
linked list [Yun et al., 2019]. To have this right, the miner has
to prove it has made a certain computational effort to solve
the defined puzzle. The difference among the PoW-based
cryptocurrency systems chiefly lies in the definition of this
hard puzzle.
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In the case of Bitcoin, block mining implies dealing with
an equation based on the SHA-256 cryptographic hash func-
tion [Conti ef al., 2018; Bowden et al., 2018]. By means of
successive guesses (i.e., nonces), the miner attempts to find a
four-byte number that, when set as the equation’s input, will
yield an outcome equal or smaller than a certain L, referred
to as the farget. A more common parameter is though the dif-
ficulty, D, which is inversely proportional to L. By design,
the greater D is, the more difficult the puzzle becomes [Conti
et al., 2018; Bowden et al., 2018]. The nonce which solves
the problem is called golden nonce. Hence, the puzzle in
Bitcoin stands for finding the golden nonce. Note this is a
CPU-bound problem, i.e., the time to evaluate is mainly de-
termined by the CPU’s speed.

Concerning Zcash, the PoW relates to the Equihash algo-
rithm. This algorithm is based on the well-known probabil-
ity problem of finding two identical birthday dates within
a group of randomly selected people [Ferdous et al., 2021;
Biryukov and Khovratovich, 2017]. More precisely, Zcash
deploys a generalization form of this problem, whose goal
is to find colliding hash values [Biryukov and Khovratovich,
2017; Ferdous et al., 2021]. Its implementation is made in
such a manner to create a memory-hard problem, i.e, it con-
sumes significant amount of memory to be evaluated. The
puzzle in Zcash is thus finding the adequate hash values.

3 Related Work

To the best of our knowledge, the formal analysis of cryp-
tocurrency mining profitability based on analytical model-
ing is still an open issue in the scientific community, judging
from the modest number of related researches which may be
found in the literature. We conjecture this is mainly due to
the dynamic scenario of cryptocurrencies and, consequently,
the fast changes that occur [Rathore et al., 2022]. Being
aware of that, we herein discuss some of the most recent re-
searches which somehow contribute to the overall purpose
of this work.

Hacioglu et al. [2021] search to identify the best mining
strategy to maximize profits. Pool fee (charged from each
member miner to participate in the pool [Seth, 2021], electric-
ity tariff, hardware rental, and hardware acquisition are sev-
eral central parameters assessed in their study. The experi-
ments reveal that strategies like hosted mining and cloud min-
ing are promising alternatives to achieve attractive daily rev-
enues. Furthermore, their analysis also outlines that Turkey
is the top geographic location for iome mining, i.e., owning
the hardware platform and mining at home, among all euro-
pean countries and the U.S.

Li et al. [2019] carry out experiments to estimate the
global electricity demand of the Monero cryptocurrency’s
mining process. The results chiefly suggest that the mining
activity may consume up to 645.0 GWh of electricity world-
wide. Particularly, this figure stands for more than 19.12
thousand tons of carbon emission by China only (estimated
between April and December in the year 2018). Their study
also remarks on the surprising lack of academic work cover-
ing analyses of the mining process with respect to electricity
consumption.
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Grunspan and Pérez-Marco [2018] review the selfish-
mining technique [Eyal and Sirer, 2018] to maximize prof-
itability in the Bitcoin cryptocurrency system. In this case,
a pool node p withholds its just mined block from propagat-
ing across the network while continuing to mine subsequent
blocks. When node p finally releases all its mined blocks,
other nodes are tricked into believing that node p has mined
more blocks than they have during a certain time interval.
This gives node p the right to claim a greater share of the
total pool reward. Even though selfish mining is a preoccu-
pation considering the pool-mining process, it has no impact
on solo mining. This is because solo-mining nodes work in-
dependently from each other.

Davidson and Diamond [2020] look into a combined strat-
egy to obtain more profits than is fairly due in the case of pool
mining. This combined strategy exploits both (i) the vulnera-
bilities of the algorithms that adjust the difficulty D of the min-
ing process, and (ii) the selfish-mining technique. Their work
is more comprehensive than that of Grunspan and Pérez-
Marco [2018], since the former spans the Litecoin, Bitcoin
cash, Dash, Monero, and Zcash cryptocurrencies. Their re-
sults primarily show that Bitcoin is the least vulnerable, and
that miners with modest hashrates may increase their prof-
its up to 2.5 times, compared to those nodes acting honestly.
Notwithstanding, the aforementioned strategy has no impact
on solo mining for the same reason mentioned above for the
work of Grunspan and Pérez-Marco [2018].

Salimitari et al. [2017] proposes a comprehensive analyt-
ical model to compute the profits a prospective miner may
achieve within a Bitcoin mining pool. Their model encom-
passes several important parameters related to the mining
process, such as electricity tariff, pool-mining hashrate, num-
ber of nodes, reward policy, and pool fee. From their model,
it is possible to find out the most profitable mining pool. Our
model mainly differs from theirs in that ours is devoted espe-
cially to solo mining.

To maximize profits in both solo mining and pool mining,
Pathirana ef al. [2020] analyze the impact of hardware plat-
form efficiency, covering a broad range of platform types.
More precisely, the authors are able to describe 119 Bitcoin
mining-platform configurations based on 30 peer-reviewed
publications (from the year 2013 to the year 2018). The re-
sults mainly reveal that platforms based on ASICs and FP-
GAs are more efficient than those based on CPUs and GPUs.
Furthermore, they suggest that the most efficient platform is
the one called BitmainAntminer S9, which is based on ASIC.

Much resembling the just previously cited work, Iyer and
Dipakumar Pawar [2018] focus on analyzing prospective
profits of the mining activity in function of the deployed hard-
ware platform. Their work contributed to explaining some
of the basic terminology commonly used in this context as
well. The authors considered a plethora of cryptocurrencies
(including Bitcoin) and hardware platforms based on GPUs
and CPUs, excluding ASICs. Parameters such as hashrates,
pool analytics, and electricity tariffs are used to build a quite
robust financial report aimed to especially guide novice min-
ers to start the mining activity.

From the researches discussed above, which are summa-
rized in Table 1, we may note a promising revenue source
sustained by the cryptocurrency mining activity. The cor-
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responding results and findings derived in these researches
are though chiefly focused on the pool-mining concept, be-
sides being mostly based on measurements rather than on an-
alytical modeling. Now, as a variety of new cryptocurren-
cies are very likely to be launched, it follows that new mar-
kets and technologies may come to exist, eventually shifting
the academia and market’s perspective towards more solo
mining. Thereby, we conjecture that a practical analytical
methodology to assess solo-mining profitability of new cryp-
tocurrencies, like Zcash, is quite valuable and deserves to be
pursued. This issue is therefore tackled in this research work.

4 Analytical Modeling

For PoW-cryptocurrency protocols, the average number of
computations required to mine a block may be given by
F' x D [Nakamoto, 2008; Daira Hopwood, 2021; Bowden
et al., 2018], where F' is a fixed power-of-two factor, and
D is the difficulty parameter (Subsection 2.4).

Let T/ p be the average time the miner spends to mine
a block. Tj/p depends on the hasrate parameter, which
refers to a measure of how many computations can be per-
formed per second by the mining-hardware platform. For
most of the PoW-cryptocurrency systems, including Bitcoin,
the hashrate is given in hashes per second (H/s). In the case
of Zcash, the hashrate is though often given in solutions per
second (Sol/s).

More precisely, Sol/s measures the rate at which Equi-
hash solutions are found. Each one of these solutions is
tested against the current target. Likewise, in Bitcoin each
nonce variation is tested against the target, considering the
SHA-256 cryptographic function. Hence, Sol/s and H/s in
practice stand for the same logical procedure but applied to
different systems, each of them sustained by a particular al-
gorithm that defines the puzzle to be solved (i.e., Equihash
and SHA-256, respectively).

Thus, there is no exact way to convert the Zcash hashrate
to the Bitcoin hashrate, and vice versa. Nonetheless, comput-
ing each of these values separately and, thereafter, observing
the relative difference may still result useful to bring initial
clues with respect to how much computational effort is com-
paratively expended by the corresponding miners. Addition-
ally, each computed hasrate may be used to help estimate
the solo-mining profitability as shown in the mathematical
derivations to follow. As a matter of fact, this overall under-
standing applies to all PoW cryptocurrencies.

With the above in mind and in order to facilitate our dis-
cussion, we henceforth assume the hasrate for any PoW cryp-
tocurrency is computed in H/s, leaving it implicit that the re-
sulting values are closely related to the deployed algorithm.
Therefore, Thsp may be given in (1). Once the hashrate is
computed in H/s, it follows that T;p is given in seconds.
Note we may manipulate (1) to obtain the necessary hashrate,
hnee, to mine a block within T 5 seconds, as shown in (2).

FxD
T = 1
MB =7 wshrate 1
FxD
hnec = 7 (2)

TyuB

Albuquerque and Rodrigues, 2023

Let R,, be a revenue per day, in USD/day, that equals the
minimum wage in the U.S. Besides, let B,.,, be the reward, in
USD, for having mined a transaction block. It then follows
that the maximum number of days to mine a block, given that
a certain R,., is granted, may be computed by means of (3).

B’I"’LU
Maxda,ys - Rim (3)
Now, let h,p,4, be the average minimum hashrate to obtain
a revenue per day that equals R,,. Hence, we may com-
pute A, by means of (4), which is derived from (2) by
setting Thsp = Maxqqys and since 1 day = 86400s, where
Mazxgqys 1s given in (3).

FxD _ FxDxR,,
86400 X Maxgays 86400 X By

“)

hmin -

The above computation of R,., does not take into account
the electricity cost. To add this cost, we proceed as follows.
Let Erw 1 be the electric energy, in kWh, consumed within a
day time by the mining hardware to obtain R,.,. To compute
Exwn, we multiply the electric power of the mining hard-
ware, Py, in watts, by the time during which mining is per-
formed, T, in hours, and thereafter we divide the result by
1000, as shown in (5).

Py x T,
Ek:Wh = hlw (5)

See that the total cost, C, in USD, for having mined dur-
ing T,, hours may be therefore obtained in (6), where t.;;
stands for the electricity tariff, in USD/kWh, within the local
geographic region. So, in order to compute h,,;,, to obtain a
liquid revenue of R, we must still rewrite (4) as (7).

Cy = Exwn X ten (6)

FxD _ F'xDx (R + Cy)
86400 x MaTgays 86400 X By

(7

h’min =

From the equations derived above, we may very practi-
cally analyze the solo-mining profitability under different as-
pects. For instance, we can evaluate the needed time length,
Liime, in days, to make up for eventual capital expenditure,
Cegp, in USD, due to mining-hardware acquisition by the
part of the investor, as computed in (8). Finally, for ease of
reference, we recap in Table 2 all parameters constituting the
aforementioned equations.

Cewp

_— 8
Rrv - Ct ( )

Ltime =

5 Performance Evaluation

5.1 Parameter setup

This subsection presents the numerical values of the parame-
ters just summarized in Table 2, mainly targeted at the Zcash
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Table 1. Synthesis of related work.

Reference Cryptocurrency Main focus
Hacioglu et al. [2021] Bitcoin Pool-mining profitability
Liet al. [2019] Monero Environmental effects
Grunspan and Pérez-Marco [2018]  Bitcoin Selfish-mining review

Davidson and Diamond [2020]
Salimitari et al. [2017]
Pathirana et al. [2020]

Iyer and Dipakumar Pawar [2018]

Bitcoin
Bitcoin

Bitcoin & others

Bitcoin & others

Selfish-mining review
Pool-mining profitability
Hardware-platform technology
Hardware-platform technology

This research Zcash & others Solo-mining profitability

Table 2. Parameter definition.

Parameter

Definition

F

Fixed power-of-two factor used to compute the average number of hashes necessary to
mine a transaction block. Its numeric value is defined by the cryptocurrency protocol.

D Variable difficulty. Like the factor F, it is also used to compute the average number
of hashes necessary to mine a transaction block. Its numeric value is defined by the
cryptocurrency protocol.

TvB Average time the miner spends to mine a block, in seconds.

hnec Necessary hashrate to mine a block within T, seconds, in H/s.
R,y Average revenue per day due to block mining, in USD/day. Its computation disregards

the electricity cost.
Biw Corresponding reward for having mined a block, in cryptocoins or USD.
Mazg4qys Maximum number of days to mine a block, given that a certain R,., is granted.

Romiin Average minimum hashrate for a revenue per day that equals R,.,, in H/s.

Eyown Electric energy consumed by the mining hardware to obtain R,.,,, in kWh.

Pr Electric power of the mining hardware, in watts.

T Time interval during which mining is performed per day, in hours.

Cy Total electricity cost for block mining during T},, hours, in USD.

teit Electricity tariff in the local region where mining is performed, in USD/kWh.

Cezp Capital expenditure due to mining hardware acquisition by the investor, in USD.
Liime Needed time length to make up for the capital expenditure, C.p, in days

and Bitcoin cryptocurrency systems. For ease of understand-
ing, we opt to classify them in two different groups as de-
tailed in what follows.

One group encompasses the parameters within Table 3.
Their assigned values may vary according to the scenario be-
ing exploited in the experiments. In this case, they are di-
rectly computed from the equations derived in the last sec-
tion. The other group’s parameters are those given in Ta-
ble 4. Their assigned values are fixed and determined by
either cryptocurrency protocols or overall considerations re-
lated to the scenarios and/or time when these values were
collected (in September 2022). The corresponding rationales
for their values are succinctly informed in Table 5.

Table 3. Parameter value assigned by equation.

Parameter  Cryptocurrency  Equation
Ty Zcash & Bitcoin (1)
hree Zcash & Bitcoin (2)

Mazgqqys Zcash & Bitcoin 3)

Cy Zcash & Bitcoin (6)
Roniin Zcash & Bitcoin 7

5.2 Computing h,,;, for Zcash and Bitcoin

This subsection aims to compute Zcash’s h,;,;, and compare
against Bitcoin’s. The computed results refer to the ten least
and most expensive american states based on .;;. Recall that
hmin has been derived as a function of all other parameters
within Table 3. Hence, h,,;,, catches all influences impacting
the mining profitability and, thereby, constitutes an ideal base
performance metric for our study.

The computed results for h,,;, are presented in Table 6
(for the least expensive states), and in Table 7 (for the most
expensive states). We may see that Zcash has a value of A,
that is about eight orders of magnitude smaller than that ob-
tained for Bitcoin. Thereby, the computational effort expend
by Bitcoin miners is expected to be much greater than that of
Zcash miners to get the same value of revenue R,,. In the
next subsection, we broaden our discussion by focusing on
the solo-mining profitability of Zcash by especially compar-
ing it with that of other relevant cryptocurrencies.

5.3 Competitive Analysis

This subsection carries out a competitive analysis in terms
of solo-mining profitability. To this end, we span the top ten
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Table 4. Parameters with fixed values.
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Parameter  Cryptocurrency  Numerical value
F Zcash 213
F Bitcoin 232
D Zcash 77,182,937
D Bitcoin 32,045,359,565,303
R, Zcash & Bitcoin  58.0 USD/day
By Zcash 2.5 ZECs or USD 142.47
By Bitcoin 6.25 BTCs or USD 118,898.18.
Eywn Zcash & Bitcoin  11.2kWh
Py Zcash & Bitcoin  1400.0 W
T Zcash & Bitcoin 8 hours
telt Zcash & Bitcoin  Given in Table 6 and Table 7.
Table 5. Rationales for parameters.
Parameter  Rationale
F and D Their respective assigned values are by design determined in the respective cryptocur-
rency protocols (Nakamoto [2008]; Daira Hopwood [2021]; Bowden et al. [2018]).
By Its value in cryptocoins is halved by an event called halving at about every four
years (Li et al. [2021]; Ghimire and Selvaraj [2018]). Currently, B,.,, = 6.25BTCs
(Bitcoin system), and B,,, = 3.13ZECs (Zcash system). Particularly, in Zcash,
B, 1s though split between its development fund (a 20% share), and miners (a 80%
share) (Wikipedia [2022]). To focus on mining profitability, we then assume B,.,, to
be 2.5 ZECs in our experiments.

R,, and T,,, For a work journey of eight hours per day, the minimum wage is currently 7.25
USD/hour or 58.0 USD/day in the U.S. (U.S. Department of Labor [2022]). Thereby,
we set R, = 58.0 USD/day, and T},, = 8 hours. In Zcash, since B,.,, = 2.5 ZECs,
and a ZEC is currently quoted at USD 56.99, it follows that B,.,, equals USD 142.47.
Likewise, in Bitcoin, since B,,, = 6.25 BTCs, and a BTC is currently quoted at
USD 19,023.7, it follows that B,., equals USD 118,898.18 (CoinMarketCap - Prices
[2022]).

teir and Pr,, The value of t.;; may vary from state to state in the U.S. For the experiments we carry
out in this work, we consider the ten least and most expensive states referred to the
year 2020 (U.S. Energy Information Administration [2021]). Additionally, for ease
of comparison, we assume the deployment of a standard mining-hardware platform of
P, = 1400.0 W in all investigated states in Subsection 5.2.

Table 6. Computation of A,y in the ten least expensive american states.

Rank State ter (cents)  hpyin: Zcash Ay Bitcoin  # Magnitude order
Ist  Louisiana 7.51 3022.31 kH/s  788.34 TH/s ~ 8
2nd  Oklahoma 7.63 3023.00 kH/s  788.52 TH/s ~ 8
3rd  Idaho 7.99 3025.07 kH/s  789.06 TH/s ~8
4th  Utah/Wyoming 8.27 3026.68 kH/s  789.48 TH/s ~8
Sth Arkansas 8.32 3026.97 kH/s  789.56 TH/s ~8
6th  Nevada/Washington 8.33 3027.03 kH/s  789.57 TH/s ~ 8
7th  Texas 8.36 3027.20 kH/s  789.62 TH/s ~ 8
8th  North Dakota 8.56 3028.35kH/s 789.92 TH/s ~8
9th  Kentucky 8.58 3028.47 kH/s 789.95 TH/s ~8
10th  West Virginia 8.75 3029.44 kH/s 790.20 TH/s ~8
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Table 7. Computation of ki in the ten most expensive american states.
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Rank State teir (cents)  Apyin: Zcash Ay, Bitcoin  # Magnitude order
Ist  Hawaii 27.55 3137.60 kH/s 818.41 TH/s ~ 8
2nd  Alaska 19.82 3093.13 kH/s 806.81 TH/s ~ 8
3rd  Connecticut 19.13 3089.16 kH/s  805.78 TH/s ~ 8
4th  Rhode Island 18.54 3085.76 kH/s  804.89 TH/s ~8
5th  Massachusetts 18.19 3083.75 kH/s 804.37 TH/s ~8
6th  California 18.00 3082.66 kH/s  804.07 TH/s ~ 8
7th  New Hampshire 16.63 3074.78 kH/s  802.03 TH/s ~ 8
8h  Vermont 16.33 3073.05 kH/s 801.58 TH/s ~ 8
9th  New York 14.87 3064.65 kH/s  799.39 TH/s ~ 8
10th  New jersey 13.63 3057.52kH/s  797.52 TH/s ~8

cryptocurrencies by market capitalization [CoinMarketCap -
Tokens, 2022], within which Zcash and Bitcoin are included
as shown in Table 8. This way, we are herein also able to
demonstrate how our analytical modeling may be practically
used for this kind of study.

In Table 9, we present the computed values of h,,,;,, for the
above ten cryptocurrencies under the highest and lowest ¢,
corresponding to Hawaii and Louisiana states, respectively.
Note that h,,;, varies from one cryptocurrency to another
exclusively due to the values assigned to the parameters F/,
D, By, and Py, (please see Section 4). The values of F'
and D are given in Table 9, whereas the values of B,.,, and
Py, may be consulted in Tables 8 and 10, respectively. So,
based on Table 9, we can achieve the following observations.

» The computed values of h,,;, for the Zcash and Bitcoin
cryptocurrencies differ a little from the corresponding
ones in Tables 6 and 7. This is because we had previ-
ously assumed a common mining-hardware platform of
P, = 1400.0 W, as mentioned in Table 5. Now we opt
to deploy a customized hardware specification for each
of the cryptocurrencies in order to be more adherent to
reality, as it may be seen in Table 10.

* For any of these ten cryptocurrencies, the relation-
ship between its computed h,,;, and its market capi-
talization is rather complex. As a result, it becomes
very unlikely to possibly derive a simple mathemati-
cal function to interrelate these two parameters. We
conjecture this is because there are a number of stake-
holders involved, e.g., mining-hardware manufacturers,
cryptocurrency market, investors, among others. Be-
sides, the influences coming from these stakeholders are
known to change very dynamically in an unpredictable
way, thereby impacting the investigated scenarios day
after day.

Let us now look into the computed results shown in Ta-
ble 11, Figure 1, and Figure 2. In the table, we see the value
of Ceyp, whereas in the figures we find the value of Lyjme.
As it may be noted, these values refer to the cases of the high-
est and lowest ;. So, taking Zcash as a baseline, we point
out what follows in terms of solo-mining profitability.

* Zcash notably outperforms Bitcoin. Its values of Cgp,
and Lyjme are about 50% smaller and shorter, respec-

tively, than those registered by Bitcoin under both the
highest and lowest t.;;.

» Zcash outperforms eight out of the ten analyzed cryp-
tocurrencies under both the highest and lowest ¢¢;:. As
aresult, Zcash is the second-best cryptocurrency among
the ten cryptocurrencies herein analyzed.

+ Even though Kadena appears to be the first best cryp-
tocurrency, we must outline that Zcash is the only
one that may provide a differentiate enhanced privacy
to its users due to deploying the concept of zero-
knowledge proofs in its protocol [Biryukov and Feher,
2019; Daira Hopwood, 2021].

At last, before ending this subsection, it is worth recalling
that our main contribution has been to yield analytical mod-
eling to practically evaluate the solo-mining profitability of
PoW cryptocurrencies. This implies that, even though the
numerical results we have derived in this work apply specif-
ically to the aforementioned current scenarios, which may
change within a very short time period, our modeling still
remains thoroughly valid.

For example, Bitcoin prices are currently down around
60% year to date, trading well off their all-time highs of
around USD 69,000 in November 2021 [Curry and Powell,
2022]. That is, the numerical results we have derived in this
research are certainly different from those that we would
have derived in that time. Another example is the type of
hardware equipment currently used for mining, i.e., those
cryptocurrencies whose mining hardware is of ASIC type
are likely to present smaller and shorter values of C,,,;, and
Liime, respectively, than those deploying CPUs or GPUs in-
stead. Hence, once hardware manufacturers start producing
ASICs customized to Ravencoin and Monero cryptocurren-
cies, it is reasonable to wonder whether their corresponding
values of C¢zp, and Lgj: may then decrease, whereas their
corresponding values of market capitalization may then in-
crease. Notwithstanding, our analytical modeling will still
remain valid no matter what changes eventually take place
in the upcoming future.

6 Conclusions and future work

This paper analyzed the solo-mining profitability of the
Zcash cryptocurrency in the United States. To this end, we
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Table 8. Top 10 cryptocurrencies by market capitalization.

Rank  Cryptocurrency Reference B,.,, (USD) Market Cap (USD Billion)
Ist Bitcoin Nakamoto [2008] 118,898.18 352.29
2nd Dogecoin DOGECOIN [2022] 578 7.51
3rd  Ethereum Classic Beck [2017] 101.696 3.77
4th Litecoin GRAYSCALE [2021] 668 3.62
Sth Monero Alonso and Joancomarti [2018] 92.06 2.45
6th BTC Cash Frankenfield [2021] 692.06 2.10
7th BTC SV Jaid [2019] 314.61 0.908
8th Zcash Daira Hopwood [2021] 142.47 0.809
9th Ravencoin Fenton and Black [2018] 95.25 0.396
10th Kadena Martino and Popejoy [2019] 1.52 0.272

Table 9. Computation of ., for the top 10 cryptocurrencies by market capitalization.

Cryptocurrency  hpp: highestte;p hiin: lowest ity  F D
Bitcoin 865.95 TH/s 801.3 TH/s 232 32,045,359,565,303
Dogecoin 44.40 GH/s 40.84 GH/s 232 7,920,063.18
Ethereum Classic 18.75 GH/s 17.82 GH/s 20 2,648,407,829,100,655
Litecoin 61.68 GH/s 56.74 GH/s 225 1,627,796,063
Monero 258.1 MH/s 256.5 MH/s 20 350,968,626,999
BTC Cash 850.17 TH/s 786.699 TH/s 232 183,124,331,678
BTC SV 780.08 TH/s 721.840 TH/s 232 76,386,800,000
Zcash 3150.05 kH/s 3025.70 kH/s 213 77,182,937.11
Ravencoin 7.50 GH/s 7.47 GH/s 232 246,680.31
Kadena 140.52 TH/s 129.64 TH/s 20 285,972,059,450,921,700

Table 10. Customized mining-hardware equipment for the top 10 cryptocurrencies by market capitalization.

Cryptocurrency ~ Hardware type Pr, (W) Hardware hashrate  Unit price (USD)

Bitcoin Antminer S19 XP 3010 140 TH/s 10,920
Dogecoin Antminer L7 3260 9.05 GH/s 13,999
Ethereum Classic ETC Miner E9 1920 2.6 GH/s 9,999
Litecoin Antminer L7 3260 9.05 GH/s 13,999
Monero AMD EPYC 7742 225 2816 kH/s 8,500
BTC Cash Antminer S19 XP 3010 140 TH/s 10,920
BTC SV Antminer S19 XP 3010 140 TH/s 10,920
Zcash Antminer Z15 1510 420 kH/s 4,299
Ravencoin AMD RX 580 8 GB 130 13.45 MH/s 229.0

Kadena KDA Miner KA3 3135 166 TH/s ~ 37,500

Table 11. Capital expenditure under the highest and lowest ¢.;:.
Cryptocurrency ~ Cegp (USD): highest tjy  Cegp (USD): lowest o4

Bitcoin 67,544 62,501
Dogecoin 68,680 63,173
Ethereum Classic 72,108 68,531
Litecoin 95,409 87,768
Monero 779,025 774,537
BTC Cash 66,313 61,362
BTC SV 60,846 56,269
Zcash 32,243 30,970
Ravencoin 127,795 127,184

Kadena ~ 31,743 ~ 29,286
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Figure 1. Profitability analysis: Time to make up (L¢;m.) for the capital expenditure (Cesp), under the highest ¢;¢.
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Figure 2. Profitability analysis:Time to make up (L¢;m.) for the capital expenditure (Cezp), under the lowest ;4.

proposed an analytical model to compute the hasrate of the
mining-hardware platform to receive a liquid revenue equiv-
alent to the minimum wage and, thereafter, the sequence, we
estimated the solo-mining profitability based on that hasrate.

Among the major results achieved in experiments encom-
passing the ten most and least expensive american states in
terms of electricity tariff, we may for instance highlight that
Zcash outperformed the popular Bitcoin cryptocurrency, pre-
senting an optimization of around 50% regarding both the
capital expenditure for purchasing the mining-hardware plat-
form and the mining time it takes to pay off this capital ex-
penditure. Moreover, Zcash showed to be the second best
alternative among the top ten cryptocurrencies by market
capitalization, besides being the only one whose protocol
deploys the concept of zero-knowledge proofs and, hence,
that may provide a kind of enhanced privacy to its final
users [Biryukov and Feher, 2019; Daira Hopwood, 2021].

In addition, it is worth mentioning that the analytical mod-
eling and whole methodology used in our experiments can
be adapted to evaluate the solo-mining profitability of any
other PoW-cryptocurrency systems than those herein investi-
gated. As its main contribution, our work thus provides the
literature with valuable insights to formally pave the way to
develop analytical models for PoW-cryptocurrency systems,
which may be chiefly valuable regarding competitive analy-
ses in general.

Notwithstanding, being aware of this research’s limita-
tions, we especially consider these three forms to possibly en-
hance our analytical model: (i) taking cryptocurrency price
as a variable rather than the value of fiat money to provide
more stable outcomes in face of market fluctuations; (ii) in-
cluding the probability that a mined block is not necessar-
ily added to the final chain, what directly impacts the rev-
enue achieved in the mining period; and (iii) making it time-
dependent to best capture the overall dynamic behavior of
the cryptocurrency systems, considering the variations and
historical data in the values of electricity tariff, minimum
wage, reward, cryptocurrency price, mining-hardware im-
provements, and mining difficulty.

Finally, as future work, we suggest these two possible
directions: (i) proposing more altruistic and/or green alter-
natives to the PoW-based mining concept [Ren and Lucey,
2022]. For instance, rather than simply solving pure math-
ematical problems, one may use the equipment’s compu-
tational power to find solutions to concrete problems in-
stead, like determining new prime numbers, identifying sta-
ble protein formulations for drug manufacturing, among oth-
ers; and (ii) proposing mechanisms to accelerate branch con-
vergence in the Blockchain, since long delays create resis-
tance to cryptocurrency’s full adoption as a practical pay-
ment method [Wang et al., 2021]. For example, we could
randomly assume that one of the branches is the longest one
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and, hence, consider all its transactions as valid. Notably,
an economic fund should be created to cover eventual cor-
rections in transactions. Under a practical view, this fund
could be formed by a surplus fee charged over the value of
the product associated with each transaction. This surplus
would then cover service providers’ losses due to eventually
corrected transactions.
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