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Abstract
Temporary stratospheric aerosol injection (SAI) using sulphate compounds could help avoid
some of the adverse and irreversible impacts of global warming, but comprises many risks
and uncertainties. Among these, the direct financial cost and carbon emissions of potential
SAI delivery systems have hitherto received only modest attention. Therefore, this paper
quantifies the initial and operating financial costs and initial and operating equivalent CO2

(CO2eq) emissions of the specialised aircraft-based SAI delivery system developed with
relatively high-fidelity tools in part 1 of this series. We analyse an interval of operating
conditions, within which we devote special attention to four injection scenarios outlined in
part 1: Three scenarios where H2SO4 vapour is directly injected at several dispersion rates
and one SO2 injection scenario. We estimate financial cost through Raymer’s adjustment
of Rand Corporation’s Development and Production Costs for Aircraft (DAPCA) model,
augmented by additional data. CO2eq emission is computed from existing data and the com-
puted fuel consumption for each of the scenarios. The latter estimates include an emission
weighting factor to account for non-CO2 aircraft combustion products at altitude. For direct
H2SO4 injection, both financial cost and CO2eq emission are sensitive to the design disper-
sion rate. For scenarios where higher dispersion rates are achieved, the delivery system’s
cost and CO2eq are relatively small compared with the presumed benefits of SAI. The most
optimistic H2SO4 scenario is found to have a financial cost and CO2eq emission similar to
that of SO2 injection, while potentially allowing for reductions in the annual mass of sulphur
injected to achieve a target negative radiative forcing. The estimates of financial cost and
CO2eq emission were subjected to sensitivity analyses in several key parameters, including
aircraft operational empty weight, engine specific fuel consumption, fuel price and aerosol
price. The results indicate that the feasibility of the considered scenarios is robust.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s10584-020-02686-6) contains supplementary material,
which is available to authorized users.

Design Synthesis Exercise 2016 - Group 02: M. Cruellas Bordes, C. J. G. De Petter, A. F. van Korlaar,
L. P. Kulik, R. Maselis, L. H. Mulder, S. Stoev, K. J. F. van Vlijmen, C. H. Melo Souza, D. Rajpal

� S. J. Hulshoff
s.j.hulshoff@tudelft.nl

Extended author information available on the last page of the article.

http://crossmark.crossref.org/dialog/?doi=10.1007/s10584-020-02686-6&domain=pdf
https://doi.org/10.1007/s10584-020-02686-6
mailto: s.j.hulshoff@tudelft.nl


Climatic Change

1 Introduction

If emission of greenhouse gases and associated global warming proceed along a high Repre-
sentative Concentration Pathway (RCP) (IPCC 2018), one may consider enacting temporary
measures to limit further increases in the probability and severity of adverse and irreversible
impacts of continued climate change, until emission reductions and potential carbon cap-
ture efforts have returned the greenhouse gas concentration in the atmosphere to safe levels.
Although they are by no means suggested to be a solution to the climate change prob-
lem, such temporary measures could include solar radiation management (SRM) techniques
such as cirrus cloud thinning (Storelvmo et al. 2013; Lohmann and Gasparini 2017) (CCT),
marine cloud brightening (Latham et al. 2012) (MCB) and stratospheric aerosol injection
(Crutzen 2006) (SAI). While SAI is generally regarded as the most feasible option (Shep-
herd 2009), it comes with a long list of risks and uncertainties (Robock 2014), spanning i.a.
the environmental (Kravitz et al. 2013), social (Irvine et al. 2016), ethical (Lin 2013), policy
(Reynolds 2019) and technical domains. Here, we focus on the financial and environmen-
tal implications of developing and operating a delivery system capable of lifting very large
payloads to unconventionally high altitudes.

McClellan et al. (2010) and Smith and Wagner (2018) propose specially developed air-
craft for delivering aerosol precursors to the stratosphere. They estimate that these likely
form realistic delivery platforms at a manageable financial cost per injected unit mass. Part
1 of this series corroborated the technical viability of specialised aircraft delivery systems
by designing a fleet of aircraft and its operation at a higher degree of technical fidelity than
these studies. However, it did not yet quantify the delivery system’s financial cost. In this
second part of the series, we therefore perform a detailed analysis of the financial costs for
developing and operating this delivery system1.

Furthermore, neither McClellan et al. nor Smith and Wagner address the contribution
to the atmospheric greenhouse gas concentration of developing, producing and operating a
large fleet of aircraft for SAI (McClellan et al. 2010; Smith and Wagner 2018). However, in
order to make a full assessment of the risks and benefits of SAI, it is imperative to establish
the carbon footprint of proposed delivery systems. Therefore, this paper will also quantify
the equivalent CO2 (CO2eq) emissions incurred by initially conceiving and operating the
delivery system proposed in part 1.

Part 1 addressed four operating scenarios: Three featuring direct injection of H2SO4
vapour along with one SO2 injection scenario. The H2SO4 scenarios are advantageous in
that they offer the potential of maximising the effectiveness of SAI per unit mass of injected
S (Vattioni et al. 2019). However, they might also require greater technical resources. As
a result, it is unclear whether their deployment-related financial costs and CO2eq emis-
sions are competitive with respect to SO2 injection. Therefore, we analyse and compare the
financial cost and CO2eq emission of each of the SAI scenarios developed in part 1.

The paper first briefly describes the SAI system and injection scenarios developed in part
1. This is followed by analyses of the financial cost and CO2eq emission over an interval
of dispersion rates that encompass the injection scenarios. These analyses are accompanied
by descriptions of their respective estimation methods. Finally, the sensitivity of financial
cost and CO2eq emission to several important input parameters subject to uncertainty is
examined.

1The current analysis differs from the preliminary one in DSE Group 02 (2016) and cited by Smith and
Wagner (2018) in that it includes an updated and more detailed cost model.
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2 Summary of the delivery system

The following subsections summarise the features of the SAI delivery system developed
in part 1 salient for the analysis of financial cost and CO2eq. The design choices and fac-
tors concerning aerosol material and delivery are first outlined, followed by the candidate
injection scenarios. Then, the most important aspects of the aircraft and flight profiles that
emerge from these scenarios are highlighted.

2.1 Aerosol and delivery requirements

In order to facilitate realistic estimates of financial cost and CO2eq emission, the delivery
system considered here is based on the use of sulphate aerosols. These grow naturally in the
stratosphere after volcanic eruptions, leading to relative certainty concerning their impacts
on temperature and the climate system (Pope et al. 2012; Keith et al. 2016; Dykema et al.
2016). Sunlight-scattering sulphate aerosols in the stratosphere consist of H2SO4 particles.
These can be introduced into the atmosphere either by injection of precursor compounds,
such as SO2, or by directly injecting condensable H2SO4. Part 1 of this study discusses
how direct H2SO4 injection appears promising with respect to SO2 injection, as it facilitates
targeting the growth of optimally sized aerosols. While direct comparisons between SO2
and H2SO4 injection are relatively sparse and significant uncertainties in their long-term,
large-scale application remain (Pope et al. 2012; Pierce et al. 2010; Benduhn et al. 2016;
Vattioni et al. 2019), the potential benefits of direct H2SO4 injection make this the main
focus of our aircraft-based delivery system.

To provide conservative measures of the costs and emissions of an SAI delivery sys-
tem in a fully operational phase, we target a constant, rather large annual delivery rate of
15 Mt H2SO4 yr−1 (5 Mt S yr−1). This corresponds to contemporary estimates of the rates
needed to achieve 2.5–3 Wm−2 negative radiative forcing (IPCC 2018; Pierce et al. 2010;
Vattioni et al. 2019). If desired, the target rate can be adapted by changing the fleet size of
the delivery system. We estimate the sensitivity of our cost and emission figures to such
modifications in Section 5. Here, we choose to focus on a single delivery rate for the sake
of clarity. For effective, global radiation reduction, delivery will take place near altitudes of
20 km at latitudes centred around 15◦ north and south (Rasch et al. 2008; Pierce et al. 2010;
Tilmes et al. 2017; Vattioni et al. 2019).

Two parameters drive the growth of optimally sized particles (here we target initial par-
ticle sizes of approximately 0.1 μm (Pierce et al. 2010)) from direct H2SO4 injection: the
initial H2SO4 concentration in molecules cm−3 and background flow diffusivity (Benduhn
et al. 2016). These two parameters can be related to financial cost and CO2eq emission
through dispersion rate DR—the mass of aerosol dispersed per flown unit length—in kg
H2SO4 m−1, which additionally depends on the volume flow rate of injection and aircraft
speed. High DR allows short flights with high payloads, which in turn is beneficial for
minimising the operation’s financial cost and emissions. The high initial H2SO4 concen-
trations associated with high DRs require a high diffusivity for favourable initial particle
growth (Benduhn et al. 2016). To achieve this, we propose dispersing the H2SO4 in a single
engine’s exhaust plume. However, the diffusivity in aircraft engine plumes is neither con-
stant, uniform nor well-established (Yu and Turco 1998; Schumann et al. 1998). To capture
the resulting uncertainty, part 1 of this study considered three direct H2SO4 injection scenar-
ios with different combinations of diffusivity and initial concentration. We briefly introduce
these below and refer the reader to part 1 for a more elaborate motivation on their choice.
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The lowest DR considered and upper bound to estimates of financial cost and CO2eq
emission is set by the conservative core injection (CI) scenario. This entails that the
diffusivity is assumed to be low (100 m2s−1) and that H2SO4 is only injected into the uni-
form, high-velocity core flow of the specialised turbofan engine of the aircraft. Targeting an
initial particle radius of ≈ 0.1 μm at the assumed diffusivity requires an initial H2SO4 con-
centration of approximately 1016 cm−3 (Benduhn et al. 2016), leading to a relatively low
DR of 0.002 kgm−1.

The second full injection (FI) scenario considers injection into the full engine flow to help
increase DR. This is incommensurate with the plume simulations upon which we base our
results, which assume a uniform, well-mixed initial flow (Pierce et al. 2010; Benduhn et al.
2016). Therefore, the viability of this scenario is somewhat less certain. However, owing to
the higher total volume flow, it should achieve a DR that is an order of magnitude higher
(0.02 kgm−1) than the CI scenario at the same assumed diffusivity and initial concentration.
Therefore, we still consider it highly relevant to analyse the potential of such a scenario.

Improved engine flow mixing technology or more accurate measurements of plume
growth might show that diffusivity values higher than those considered in the first two sce-
narios can be attained. This is likely, given that detailed engineering optimisations have yet
to be performed for this purpose. Thus, the third, optimised full injection (OFI) scenario
considers a relatively high value of diffusivity, 3.16 · 102 m2s−1, in combination with both
core and bypass injection. This corresponds to a much higher initial H2SO4 concentration
and DR of 3.16 · 1017 cm−3 and 0.5 kgm−1, respectively.

When precursors such as SO2 are injected, aerosol formation does not occur until long
after delivery and is thus virtually independent of DR. Hence, cost-efficient, short, high-
payload flights can be employed. However, aerosol particles formed from SO2 injection
have a lower radiative forcing efficiency, which we account for by assuming that approx-
imately twice the amount of S is required when injecting SO2 instead of H2SO4 (Pierce
et al. 2010; Vattioni et al. 2019). The final SO2 scenario thus assumes the delivery of
20 Mt SO2 yr−1 (10 Mt S) at the same altitudes and latitudes as the H2SO4 scenarios at
a DR that is as large as technically possible. A summary of the setup of all scenarios is
reported in the first part of Table 1.

Table 1 Main aspects of the delivery scenarios. The dashed horizontal line separates inputs from outputs

Scenario CI FI OFI SO2

Payload type H2SO4 H2SO4 H2SO4 SO2

Annual injection [Mt yr−1] 15 15 15 20

Diffusivity [m2s−1] 102 102 3.16 · 102 –

Initial concentration [cm−3] 1016 1016 3.16 · 1017 –

Bypass injection No Yes Yes –

DR [kgm−1] 0.002 0.02 0.5 –

Altitude [km] 20–20.5 20–20.5 20–20.5 20

Payload/flight [tons] 6.80 21.1 28.9 29.6

Delivery range [km] 3370 1230 53.1 10.0

Fuel/flight [tons] 30.9 16.7 8.94 8.12

Airports 4.00 4.00 4.00 4.00

Flights/day 6040 1950 1420 1850

Fleet size 2360 475 233 286
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2.2 Coupled aircraft/flight profile design

The simultaneous optimisation of the aircraft configuration and flight profiles described in
part 1 resulted in an unmanned aircraft featuring a large, slender, strut-braced wing and
four custom-designed turbofan engines. For the direct injection scenarios, H2SO4 is kept
at high temperature onboard and evaporated upon injection into a single outboard engine
plume. The main characteristics of the operation that results for each of our scenarios are
summarised in the second portion of Table 1.

The flight profiles of the CI, FI and OFI scenarios have a similar main structure, con-
sisting of an initial climb to the outgoing dispersion leg at 20 km, followed by a second
climb to the return dispersion leg, located 500 m above its outgoing counterpart. Operations
are constrained by a critical flight condition encountered during climb. High lift and high
thrust requirements can both become critical here (CL,crit , Tcrit ) and constrain the pay-
load the aircraft can carry; in practice, the Tcrit limit is reached first in these scenarios (see
Section 4.2.2 of part 1 for a more detailed description of these limits). The SO2 scenario is
simpler, in that it only consists of a climb to 20 km altitude, the quick release of all pay-
load and return to the airport. However, even in this scenario, the climb is constrained by
the Tcrit condition. Correspondingly, in the following analyses of financial cost and CO2eq
emission, the high-performance limit is set by the Tcrit condition in the flight profile.

3 Financial cost analysis

3.1 Cost model description

The estimation of financial cost is based on Raymer’s 1999 adjustment of Rand Corpora-
tion’s Development and Production Costs of Aircraft (DAPCA) model. This method uses
statistical cost estimation relationships (CERs) to separately determine initial cost (consist-
ing of research, development, testing and evaluation - RDT&E - and production cost) and
annual operating cost and is commonly used at the conceptual design stage of transport air-
craft (Raymer 1999). The relations comprising the model are detailed in McClellan et al.
(2010).

The CERs provide either cost for a particular development phase or labour hours for dif-
ferent professions involved (e.g. production materials CERs have cost as an output, whereas
RDT&E engineering CERs provide engineer labour hours). In order to convert labour hours
to cost, we use labour rates for the corresponding profession obtained from the U.S. Bureau
of Labour statistics, May 2017 National Occupational Employment and Wage Estimates
United States (Bureau of Labor Statistics U.D.o.L. 2017b). These are multiplied by a fac-
tor 2.5 (Raymer 1999) to give a conservative estimate of the hourly wrap rates, which are
tabulated in the supplementary material. The wrap rates are multiplied by 1.03 to convert
FY2017 to FY2018 USD (Bureau of Labor Statistics U.D.o.L. 2017a). To estimate pilot
labour costs, which deviate from standard practice due to the unmanned concept, one opera-
tor is assumed to control four unmanned aircraft. Direct cost outputs are multiplied with 1.51
to convert FY1999 to FY2018 USD (Bureau of Labor Statistics U.D.o.L. 2017a). Moderate
changes in labour rates do not have a large impact on total costs.

Raymer’s RDT&E and production equations were scaled by a technological implemen-
tation factor (TIF) of 1.5 to incorporate expected cost increases due to difficulties resulting
from the extremity of the design and material costs were scaled by a factor of 1.5 to
account for the use of the relatively expensive composite material in the aircraft’s wings.
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Furthermore, the custom-developed, high-performance turbofan engine’s RDT&E and pro-
duction cost incorporates a difficulty factor of 2 and scales with the high maximum thrust;
the engine’s maintenance cost is also affected by these factors (McClellan et al. 2010). For
the initial cost of adjustment of airports to SAI operations, a fixed investment of 0.6 B USD
per airport was assumed. This was based on the total investment as of 2017 of Deutsche
Post DHL group for their recent Central Asia cargo hub at Hong Kong International Air-
port (DHL press 2017). Although the annual mass of cargo to be handled per airport in
the scenarios featuring injection of 15 Mt aerosol yr−1 is larger than the DHL hub capac-
ity, it is assumed that the simple nature of the cargo and infrastructure required as well as
standardisation will keep the costs comparable.

Operating cost was estimated using Raymer’s method for commercial aircraft (Raymer
1999), motivated by the similarly high flight frequency in airline operations and in our sce-
narios. The fuel price and the aerosol payload price input parameters were set to 90 USD
bbl−1 and 350 USD ton−1, respectively (International Air Transport Association 2018;
Boyd 2014). Although commercial prices for H2SO4 and SO2 differ, we use the same
aerosol price for all four scenarios for the sake of comparison. Commercial market SO2
prices are higher than H2SO4 prices, implying that the reported financial cost of the SO2
scenario might be an underestimation. However, it is also likely that commercial prices do
not hold for operations at this scale.

In addition to the parameters mentioned, the annual delivery requirement of 15 Mt yr−1

and the payload per flight govern the number of flights, fleet size and number of airports
needed for the delivery scenario in question, which make up the scenario-dependent inputs
to the cost model.

3.2 Financial cost over an interval of DR

Since the financial cost is a strong function of the chosen payload-delivery range combi-
nation, cost estimates for an annual delivery rate of 15 Mt H2SO4 yr−1 were made for a
matrix of payload-delivery range combinations, obtained using repeated aircraft-flight opti-
misations as described in part 1. The matrix spanned an interval which included the CI, FI
and OFI H2SO4 delivery scenarios. The results are shown in Fig. 1 a and b, respectively,
where the initial and operating costs are indicated by colour bands. We also include contour
lines along which DR—and thus the ratio of payload to delivery range—is constant.

(a) Initial financial cost (b) Operating financial cost

Fig. 1 Initial (a) and annual operating (b) financial cost of direct H2SO4 injection as a function of payload
and delivery range combinations constrained by Tcrit . The three specific scenarios for targeted initial particle
growth under different conditions are annotated
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Modifying payload and delivery range affects the aircraft’s take-off weight, which
impacts the thrust requiredat the end of the climb segment. Since this cannot exceed Tcrit ,
excessive combinations of payload and delivery range are technically unfeasible. In Fig. 1
a and b, possible mission scenarios are therefore confined by the broken red line. Chang-
ing the take-off weight also impacts take-off CL, storage volume, early-flight load cases
and margins to aeroelastically unstable modes. However, as none of the these aspects
approached their min- or maximum allowed values in the baseline aircraft design, these
values were allowed to vary without reexamining their influence on aircraft feasibility.

The cost values for the four scenarios, marked in Fig. 1 a and b, are given in Fig. 2. The
figure indicates how initial costs primarily depend on aircraft production related costs, with
relatively small airport adjustment and RDT&E costs, even in the presence of a custom-
developed engine. This is simply due to the high material and labour cost associated with
production of a considerable number of aircraft, each having four powerful engines. At large
fleet size, the engine production cost constitutes the largest proportion, but this is overtaken
by labour costs when the fleet size comes down. Operating cost was found to be primarily
determined by maintenance materials cost, which in turn comprises the cost of materials,
replacement components and other maintenance supplies. These costs are relatively high
for this particular aircraft, due to its extreme design and the specialised high-performance
engines. They additionally scale with flight hours and number of sorties, which are also high
for SAI aircraft. As the model depends heavily these factors, the operating cost estimate is
thought to be relatively conservative. These observations suggest that scenario changes that
allow fleet size reductions should be the primary target to bring down initial and operating
cost.

Figure 1 a and b confirm that the most cost-effective payload-range combination for a
given prescribed DR lies on the Tcrit boundary. For both the initial and operating costs,
changes in the prescribed DR are therefore most economically dealt with by changing the
delivery range and payload along the Tcrit line. It is possible to operate below Tcrit , but
this increases cost through inefficient use of the aircraft’s capacity. The three scenarios
CI, FI and OFI are therefore positioned on this line. The FI and OFI scenarios achieve
substantially lower initial and operating costs than the CI scenario. This is primarily caused

Fig. 2 Comparison and breakdown of initial and operating financial cost for the delivery scenarios
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by the increased DR in the latter two scenarios, allowing for faster aerosol delivery. This
results in both lower initial costs due to the reduced size of the fleet of aircraft required and
lower operating costs due to lower fleet maintenance requirements and fuel consumption.
Consequently, for direct H2SO4 injection scenarios, the most cost-effective solution is to
operate at the point defined by Tcrit and maximum achievable DR.

Figure 2 directly compares the initial and operating cost of the four scenarios. It shows
that if the FI scenario can be realised, the initial costs reduce by 70% and operating costs
reduce by over 75% with respect to the CI scenario. If theOFI scenario can be achieved, the
cost decreases are 80% and 85%, respectively. This variation spans an order of magnitude
in operating cost, and results directly from the uncertainties in achievable plume diffusiv-
ity and, consequently, DR that underpin the different scenarios. Therefore, even if the CI
scenario may still be considered manageable when compared with e.g. global annual mil-
itary (Stockholm international peace research institute 2019) or health care (World Health
Organization 2019) expenses, there is a strong motivation to research the achievable plume
diffusivity for H2SO4 scenarios in particular and engineering solutions that maximise DR

in general.
Figure 2 also includes results for the SO2 scenario. This scenario has no prescribed DR

and can therefore operate at the optimum point with minimum delivery range and maximum
payload. While cheaper than the CI and FI scenarios, its higher annual aerosol delivery
requirement renders it more expensive than the H2SO4 OFI scenario. As the aerosol payload
price was kept the same for the SO2 scenario, whereas commercial prices are higher for
SO2 than for H2SO4, the financial cost advantage of the OFI over the SO2 scenario might
be larger in reality, as aerosol price makes up almost 30% of the operating cost in the SO2
scenario. As there is currently limited knowledge on the relative effectiveness in practice
of SO2 and H2SO4 injection, however, the ultimate ratio of required annual injection rates
to achieve a certain effect might differ from the one used here. These factors, along with
the ultimately achieved DR in the OFI scenario, will determine their relative costs. As
the SO2 scenario currently has less uncertainties due to its analog with volcanic emissions,
this highlights the need for further research of the OFI scenario, in order to validate its
feasibility and the potential benefits of direct H2SO4 injection in the form of e.g. lower costs
and sulphur injection.

In situ production of SO2 has also been proposed (Smith et al. 2018; Smith and Wagner
2018), which has the advantage of having to carry only S to stratospheric altitudes. This has
the potential to reduce the required annual mass delivery rate. However, the benefits of such
a reduction may be somewhat offset by a possible increase in the required aircraft residence
time at delivery altitude while S combustion takes place (Smith and Wagner 2018). Still, as
this approach has the potential to reduce financial cost, further research on in situ SO2 (or
other) aerosol production and delivery should also be pursued.

The observations above pertain to operation variations for the fixed aircraft configuration
described in part 1 of this series. Any scenario with a maximum thrust requirement less than
the current Tcrit value during its critical climb phase would likely benefit from a redesign.
This could yield a smaller wing, lower structural and fuel weight, potentially yielding a
more conventional design with lower financial cost and CO2eq emission than the baseline
configuration considered here.

Such a more conventional design is presented in Smith and Wagner (2018), which pro-
poses 25 tons of payload can be lofted to 20 km by an aircraft with a 100 ton take-off weight.
With less aggressive climbs and 1 hour of station keeping, the aircraft proposed in Smith and
Wagner (2018) would likely achieve this mission at delivery range values which are simi-
lar to those of the aircraft presented here. However, our design requires a 150 ton take-off
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weight to do so, which follows directly from the detailed analysis procedures described in
part 1. While the altitude profiles, flight profiles, aerosol species, operating concept, annual
delivery target and cost models also differ between the two aircraft, the difference in esti-
mated take-off weight likely plays a major role in the disparity in predicted operating costs
for the delivery of 25 tons of payload per flight (approximately 1800 with USD ton−1 here,
compared with approximately 1400 with USD ton−1 in Smith and Wagner (2018)). It will
be necessary to fully understand and reduce this disparity to further advance the discussion
on the financial implications of developing and operating SAI delivery systems.

4 CO2eq emission analysis

Given that SAI’s main objective is to curb the detrimental effects brought about by excessive
anthropogenic greenhouse gas emissions, it is imperative to quantify the carbon footprint
of the SAI delivery system itself. While many aerosol-related aspects of SAI that lead
to environmental risks have been studied (Robock 2014), emission figures for specialised
aircraft-based SAI delivery systems are to our knowledge missing from the contemporary
literature. Therefore, we compute these figures in this section.

As was the case for the financial cost analysis, we distinguish between initial and oper-
ating emissions. The following subsections provide quantitative estimates for these two
components for the different delivery scenarios. The quantification is made in terms of
CO2eq in order to provide an indication of their relative impact on global warming. The
reported CO2eq values also account for the global warming potential of non-CO2 emissions
by using an emission weighting factor (EWF). This approach has some limitations in the
current context, as described in Section 4.2.

4.1 Initial CO2eq emission

Estimates of initial CO2eq emission were made based on emissions due to aircraft
development and production, as well as those due to airport construction works.

Emissions due to aircraft development and production were computed using the 2017
average CO2eq estimate for large airliners described in Airbus (2017), multiplied by the
required fleet size. Emissions due to airport modification are based on the conservative
assumption that the operation will use existing airports that are complemented with an addi-
tional runway and with extended ground facilities to accommodate the added number of
flights and logistics required for SAI. The associated CO2eq estimates were then obtained
from the analysis of airport expansions performed in Sturgis Carbon Profiling LLP (2013)
(note that there are also local health effects resulting from NOx emissions due to construc-
tion work, but these are not included here). The resulting initial CO2eq emission estimates
for all four scenarios appear in the first part of Fig. 4.

4.2 Operating CO2eq emission

Estimates of operating CO2eq emission were obtained by adding the emissions of running
the required airport facilities to those associated with aircraft operation. Airport facility
CO2eq emissions were estimated using reference data for existing airports which handle
around 400,000 aircraft movements per year, which is on the order of magnitude of the
annual number of flights per airport in the CI scenario and is thus conservative for all other
scenarios which feature lower flight numbers (Federal Aviation Administration 2017).
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The annual CO2eq emissions associated with in-flight aircraft operation result from esti-
mates of CO2 emissions, which are scaled by an EWF. CO2 emissions are computed by
multiplying the total fuel consumption of a scenario (obtained from our aircraft model) with
the amount of CO2 released per kg fuel burned: a constant value of 3.16 (Penner et al. 1999).
In contrast, determining an adequate EWF is not trivial, due to the complex interaction of
aircraft engine combustion products with the environment.

In addition to CO2, aircraft engine combustion produces H2O and NOx , as well as aerosol
particles consisting of e.g. soot, sulphate and hydrocarbons. The impact of these emis-
sions depends on the altitude at which they are emitted as well as local conditions. Emitted
H2O can produce contrails in the troposphere, which both reflect solar radiation and trap
thermal radiation. Generally, their net effect on the earth’s surface is warming (Azar and
Johansson 2012). Stratospheric warming due to heat absorption by emitted water vapour
and particulate matter can further increase stratospheric water vapour content and lead to
ozone depletion, intensifying the earth’s surface warming due to increased solar radiation
passing through the atmosphere (Azar and Johansson 2012; Heckendorn et al. 2009). In
contrast, NOx emitted at high tropospheric altitudes typically results in increased ozone for-
mation. Another effect of high altitude NOx is methane depletion, which, on longer time
scales, results in decreased ozone concentrations, in contrast to the initial NOx effect. The
initial NOx ozone/methane response thus has a net cooling effect, but this effect reverses
as time progresses (Azar and Johansson 2012). The aerosols produced by combustion can
have a reflection-induced cooling effect, although this depends on the balance of their spe-
cific radiative properties and their tendency to promote contrail formation. Generally, their
effect on warming is uncertain and dependent on local conditions (IPCC 2013).

Due to i.a. these complexities and the different economic and physical metrics available
(see Azar and Johansson 2012), the EWF values for aviation span a large range. They typ-
ically vary between 1.3 and 2.9 for operations as considered here, with a best estimate of
1.7 when using global warming potential as the relevant metric (Azar and Johansson 2012).
Therefore, we use an EWF of 1.7 in our computations.

The resulting operating CO2eq emission estimates for all four scenarios appear in the
second part of Fig. 4. As before, local health effects due to NOx emissions from ground
operations are not accounted for.

(a) Initial CO2eq emission (b) Operating CO2eq emission

Fig. 3 Initial (a) and annual operating (b) equivalent CO2 emissions of direct H2SO4 injection as a function
of payload and delivery range combinations constrained by Tcrit . The three specific scenarios for targeted
initial particle growth under different conditions are annotated
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4.3 CO2eq emission over an interval of DR

Similar to the estimates of financial cost, the estimates of CO2eq emission are highly sen-
sitive to payload and range, which in turn are a function of DR. Thus, plots of initial and
operating CO2eq emission for the same range of conditions considered in Section 3.2 are
given in Fig. 3 a and b. The CO2eq emission follows trends similar to those of the financial
cost: high DR scenarios have smaller initial and operating CO2eq emission due to fleet size
reductions and lower fuel consumption. A sharp increase in initial CO2eq emission is seen
for payload values below ≈ 6 tons, which is due to an increase in the number of airports
required to accommodate the increasing number of flights per day for lower flight payloads.

A difference between CO2eq emission and financial cost behaviour is seen for very low
DRs. Here, possible delivery scenarios below the Tcrit line have moderately lower operating
CO2eq emission at constant DR, as fuel savings per flight for smaller payload and delivery
range combinations slightly outweigh the extra fuel required by the increased flight numbers
of such combinations. However, this difference is small.

The CO2eq emission breakdown in Fig. 4 shows how both initial and operating CO2eq
emissions are largely determined by a single component. Initial CO2eq is dominated by air-
port construction related emissions, which scales with the number of airports required to
support the required fleet size. The number of airports is constant; four airports can accom-
modate each of the four scenarios. However, since fleet size decreases as DR increases
across the scenarios, the relative contribution of aircraft development and production to ini-
tial CO2eq emission decreases. The airport modification emission estimates are based on
conservative values from literature and could turn out to be lower in reality. However, this
is unlikely to significantly affect the total CO2eq emission, since for a mission spanning
several years, it would clearly be dominated by the operating CO2eq emission.

Operating CO2eq is essentially determined by fuel combustion. The percentage contri-
bution of this parameter decreases as DR increases, but only very slightly. Given the large
fuel-related contributions to both operating financial cost and CO2eq emission (> 17% and
> 99% respectively in OFI), it is once again important to attain high DRs to reduce range
and flight numbers. This is also clearly demonstrated in Fig. 4, which shows large reduc-
tions in CO2eq for the FI and OFI scenarios. The figure also shows that, like the financial
cost, the CO2eq emission of OFI is similar to that of SO2.

Fig. 4 Breakdown of initial and operating CO2eq emission for the delivery scenarios
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An indication of the relative impact of the proposed delivery method is given on the
rightmost y-axis in Fig. 4, which shows the operating CO2eq emission as a percentage of
the global annual 2016 CO2eq emission (Olivier et al. 2017). The values are appreciable for
a single aeronautical operation, especially for scenarios that deviate far from OFI. While
the corresponding effect is still rather small relative to the beneficial anticipated cooling
effects of the delivered aerosol, this again indicates the importance of development of high
DR technologies.

5 Sensitivity analysis

Aside from the uncertainties in the achievable DR, the analyses presented in the previous
sections depend on a number of input parameters to our model that are also subject to
uncertainty. In the following, the most important of these are listed and the sensitivity of
financial cost and CO2eq emission to their variation is quantified and briefly discussed.
In the supplementary material, the complete, detailed version of this sensitivity analysis
is provided. The sensitivity of financial cost and CO2eq emission to design choices, i.e.
propulsion system and operating altitude, as described in part 1, is also presented in the
supplementary material.

For the sensitivity analysis, DR and critical climb segments are kept constant; less crit-
ical flight phases are allowed to change. Hence, perturbations in design parameters drive
changes to the payload-range combinations (along a DR-isoline) and the coupled procedure
is iterated until either the thrust constraint imposed by Tcrit or the lift constraint imposed
by CL,crit is encountered. The resulting payload-range combination can be unambiguously
translated into changes in operating parameters and financial cost and CO2eq emission.

The results of the sensitivity analysis are only presented for the CI scenario. The gen-
eral conclusions remain similar for the other scenarios, although the specific magnitudes
resulting from the analysis differ.

5.1 Input parameters

The following six parameters and perturbations have been considered.

1. Annual aerosol delivery
Range 50–150% of baseline value

2. Operational empty weight (OEW)
Range 90–110% of baseline value

3. Specific fuel consumption (SFC)
Range 80–120% of baseline value

4. Technological implementation factor (TIF)
Range 1–2

5. Fuel price
Range 60–120 USD bbl−1 (International Air Transport Association 2018)

6. Payload price
Range 250–450 USD ton−1 (Boyd 2014)

Several other aircraft and cost-model related inputs were also examined for their effects
on financial cost and CO2eq emission, but were found to be of minor importance in
comparison with those listed.
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5.2 Sensitivity of financial cost

The changes in financial cost of the CI scenario due to individual variations of the input
parameters are summarised in Fig. 5.

Annual aerosol delivery impacts both initial and operating cost by increasing the fleet
size and number of flights required. In total, a 50% increase and decrease in annual aerosol
delivery lead to a 39.9% increase and 42.1% decrease in initial cost, respectively, and a
48.8% increase and 48.9% decrease in operating cost, respectively.

OEW variations also notably affect the financial cost of the system, primarily through
large changes in the fleet size and number of flights. This is a result of the extreme operating
conditions leading to low payloads that quickly decrease if aircraft efficiency is reduced.
Around the CI scenario, 10% increases and decreases in OEW lead to 29.5% and − 13.2%
changes to initial costs and 28.3% and − 11.1% changes in operating costs. During the
aircraft development cycle, minimising the weight of the aircraft components should thus be
assigned appropriate importance, especially given the higher sensitivity to cost-increasing
OEW increases.

The sensitivity of operating cost to a 20% SFC decrease is − 11.8%, while a 20%
increase leads to a 15.2% increase. These values are remarkably moderate for a 20% vari-
ation in input parameter value. This is a positive finding, as the robustness of cost to SFC
increases the viability of the development and use of custom engines with comparatively
high SFC uncertainties.

Despite a relatively large TIF interval, its effect on initial cost is moderate, amounting
to a ± 9.16% variation over the interval considered. This again increases the economic
viability of developing custom technology for the system.

The last parameters considered, fuel price and payload price, do not significantly affect
operating cost, as operating cost is dominated by the maintenance materials cost. In the more
optimised direct H2SO4 injection scenarios and the SO2 scenario, the contribution of pay-
load cost to the operating financial cost increases substantially (up to 26% for OFI). In such
scenarios, payload cost might be an important factor, but is not expected to fatally affect
feasibility.

(a) Financial cost sensitivity (b) CO 2eq sensitivity

Fig. 5 Sensitivity of financial cost (a) and CO2eq emission (b) to variations in uncertain input parameters
for the CI scenario. Variations in input parameters are accommodated by changes in the weight budget of the
aircraft, leading to new payload-delivery range combinations whilst keeping DR constant and changes in the
associated injection scenario parameters
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5.3 Sensitivity of CO2eq emission

The changes in CO2eq emission of the CI scenario due to individual variations of the input
parameters are summarised in Fig. 5a.

Increases in the annual aerosol delivery rate affect the initial CO2eq emission due to
the increased number of airports required for the CI scenario. Increases in OEW and SFC
also increase the number of required flights and thus the number of airports and initial
CO2eq emission. As the CI scenario already employs the minimum number of airports
(four), decreases in annual aerosol delivery rate, OEW or SFC have very little impact.

Changes in operating CO2eq emission due to changes in annual aerosol delivery, OEW
and SFC are more substantial. The first of these scales the overall mission, while OEW and
SFC affect the amount of payload which can be carried per flight. Increases in any of these
inputs thus increase the number of flights required and hereby fuel consumption, the main
factor determining operating CO2eq emission.

Increasing or decreasing the annual aerosol delivery by 50% changes the operating
CO2eq emission by 50.0% and − 50.0%. The operating CO2eq emission is more sensi-
tive to increases than to decreases in OEW, amounting to + 28.0% and − 12.7% changes,
respectively. Increases in SFC result in more fuel burned per flight and consequently more
emissions, but also flight number increases occur, as the fuel weight increases at the expense
of payload weight per flight. A 20% increase or decrease in SFC thus produces changes of
+ 28.2% and − 23.8% in operating CO2eq emission, respectively. For both OEW and SFC,
the larger upward sensitivity is due to the low CI payload, as was the case for financial cost
sensitivity.

As the CO2eq emission of CI is significant, achieving a low OEW and fuel consumption
is highly desirable for this scenario. This is also important for the FI and OFI scenarios,
for which fuel makes up a larger fraction of the operating CO2eq emission. However, in FI
and OFI, the relative impact is small compared with other greenhouse gas sources.

5.4 Sensitivity to combined uncertainties

The sensitivities presented in the previous section were evaluated by considering uncertain-
ties in each input parameter separately. This is appropriate for most cases, as the effects
of uncertainties in the majority of the parameters are independent of each other (e.g. those
due to fuel price and aerosol Mt yr−1). However, determining the sensitivities to combined
uncertainties in OEW and SFC is more complex, as their effects are strongly coupled via the
flight profile optimisation procedure. Therefore, Fig. 5 also includes estimates of the sensi-
tivities to simultaneous 10% and 20% changes to OEW and SFC, respectively. The plotted
bar shows the extremes, when both changes have the same sign.

Lower OEW and SFC lead to financial cost and CO2eq reductions that do not exceed
the sum of their individual effects. This is because this scenario simultaneously exchanges
aircraft empty weight for payload and allows longer ranges to be flown at the same fuel
weight. Yet, the increasing range required for increasing payload at constant DR limits
cost and emission decreases by increasing fuel required. Hence, the effect of the combined
variation is moderate.

Combined increases in OEW and SFC are more problematic, as the payload per flight
becomes so low that flight numbers and fleet size become very high. Fleet size and flight
number increases are causative of the major part of cost variations and operating CO2eq
variations, whereas the increase in initial CO2eq is primarily due to the higher number of
airports required. The amplification effects are considerable, leading to> 100% increases in
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initial and operation costs and CO2eq. These are approximately double the summed effects
of individual OEW and SFC variations. As the aircraft configuration in part 1 was designed
using validated models, it is unlikely that the actual variations in OEW and SFC will exceed
a few percent. However, it will be highly important that the final aircraft design process
monitors these variations closely.

6 Conclusions and recommendations

This paper has presented the financial cost and CO2eq emission analyses for the relatively
detailed SAI delivery system developed in part 1 of this series. These have been performed
for scenarios considering the direct injection of H2SO4, as well as SO2 injection. The SO2
injection scenario is relatively simple, as its financial cost and CO2eq emission are primarily
determined by the number of flights and aircraft required and are thus minimised when
payload per flight is maximised. The situation is more complex for direct H2SO4 injection,
which requires specific combinations of initial H2SO4 concentration and plume diffusivity
to produce favourably sized aerosol particles. The results demonstrate that the financial cost
and CO2eq emission of direct H2SO4 injection decrease strongly with increasing dispersion
rate (DR).

High DR allows shorter flights that carry more payload, reducing the required fleet size
and fuel consumption to achieve a given delivery target. As fleet size is the single largest
contributor to financial cost, and fleet size and fuel consumption drive CO2eq emission,
maximising DR minimises both. This is illustrated by three H2SO4 injection scenarios with
varying assumptions on engine exhaust injection volume and diffusivity. For the very con-
servative CI scenario, cost and emissions are relatively high, 412 and 153 B USD for initial
and annual operating financial costs, and 13.3 and 366Mt CO2eq for initial and annual oper-
ating CO2eq emissions. For the likely achievable FI scenario, this drops to 124 and 35.5 B
USD, with 10.7 and 64.1 Mt CO2eq. For the more optimistic OFI scenario, the numbers
become quite low: 80.1 and 20.3 B USD with 10.3 and 25.2 Mt CO2eq. The values for this
latter H2SO4 scenario appear comparable with those associated with SO2 injection, under
the assumption that SO2 injection requires twice as much annual S delivery. An analysis
of realistic value ranges for uncertain input parameters indicates that the above conclusions
are robust.

The strong sensitivity of financial cost and CO2eq emission to DR motivates a more detailed
treatment of the assumptions underpinning our direct H2SO4 injection scenarios. In particular,
a more detailed understanding of aerosol growth in realistic aircraft plumes, what levels
of diffusivity can be attained in such plumes by engineering and the resulting impact on
achievable DR, could narrow the uncertainty margins in these numbers considerably. This
may in turn better inform trade-offs between direct H2SO4 injection and SO2 injection.

Although only part of the foreseen and unforeseen effects of SAI are covered in this
study, the anticipated financial cost and CO2eq emissions of developing and operating a
fleet of specialised aircraft for direct H2SO4 injection can be considered to be manageable,
and will likely be substantially outweighed by SAI’s intended economic and environmental
effects.
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