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ABSTRACT  
For countries like New Zealand with high renewable electricity 
generation (≥80%) but large emissions per capita, traditional 
decarbonisation methods are limited or costly. However, carbon 
dioxide removal (CDR) technologies can drive multiple sectors of 
the economy across the net-zero barrier through negative CO2 
emissions. We argue that the key to scaling up CDR begins with 
the preponderance of New Zealand’s geothermal and biomass 
resources. New Zealand has a proud and innovative history with 
geothermal energy, currently producing ∼20% of the country’s 
electricity. Modern advances in geothermal energy have 
demonstrated that it is peerless amongst renewable energy- 
sources in the ability to facilitate onsite CDR by repurposing 
existing wells. We examine a theoretical bioenergy retrofit at the 
Ngāwhā geothermal plant to increase capacity by 1 MWe, with as 
much biogenic CO2 as permissible dissolved in reinjectate. 
Forestry residues are the feedstock of choice due to their 
abundance in the Far North. We show that up to 15.9 ktCO2/year 
can be removed effectively from the atmosphere. Only 6% of the 
Far North’s forestry residues are required to achieve this. Under 
2024s emissions trading scheme (ETS), the annual revenue of CDR 
($0.79 million) could exceed that of new electricity ($0.47 million).
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Introduction

The worldwide deadline for rapid decarbonisation to mitigate anthropogenic climate 
change is fast approaching. Approximately 4% of global CO2 emissions need to be cut 
each consecutive year to reach net zero by 2050 (IPCC 2023). However, by the end of 
2020 two-thirds of fossil fuel companies had produced beyond their production 
budget for international climate targets (Rekker et al. 2023). The next two decades will 
require a two-pronged approach to avoid overshoot: robust adoption of renewable 
energy and deployment of CO2 removal technologies.
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For a small country, New Zealand has long been a global leader in renewable electricity 
generation. For example, New Zealand has ≥80% penetration of renewable energy in the 
electricity sector (MBIE 2021). Up to 20% of that renewable electricity comes from 
geothermal energy. In fact, New Zealand has the fifth highest installed capacity of 
geothermal energy in the world at ∼ 1 GWe (Schneider and Richter 2020).

However, New Zealand has one of the highest CO2 emissions per capita (Scott 2022; 
Wang et al. 2022), ranking in the top five of members of the Organisation for Economic 
Co-operation and Development (OECD). Much of these emissions come from the agri
cultural sector (Coriolis 2023), an industry difficult to decarbonise with renewable elec
tricity alone.

This is where the second prong of climate change mitigation, carbon dioxide removal 
(CDR), becomes important. CDR refers to engineered or nature-based activities that 
remove CO2 from the atmosphere and durably store it via terrestrial, marine, biological 
or geological means (Minx et al. 2018). Thus, from a carbon accounting perspective, CDR 
differs from the point-source capture of fossil emissions. In this study, we propose the 
combination of geothermal, bioenergy and CDR to enable an energy cycle that results 
in net negative CO2 emissions. We investigate the techno-economic feasibility of this 
concept via retrofit of Ngāwhā power station. All monetary values are presented in US 
dollars ($).

We argue that there are certain synergies to leverage that could make this technology 
an effective inclusion to New Zealand’s wider energy matrix. Geothermal power plants 
operating below design capacity can be boosted by bioenergy hybridisation (Dal Porto 
et al. 2016). Bioenergy also allows surface-based enthalpy controls for cold wells or 
geothermal fields that have reached their consent limits. Post-combustion, biogenic 
CO2 is carbon neutral (Lehtveer and Emanuelsson 2021), and is therefore valuable to 
facilitate net-negative emissions through geological storage. Alternatively, it can be uti
lised in industrial or horticultural processes as an alternative to fossil CO2. Finally, the 
dissolution of atmospheric CO2 in geothermal reinjectate for permanent geological 
storage has been demonstrated overseas (Ratouis et al. 2022).

As of 2023, New Zealand’s only negative emissions strategy is afforestation. With the 
adoption of combined geothermal-bioenergy-CDR, New Zealand could be an early 
adopter of negative emissions technologies and share its expertise globally, as it has 
done with conventional geothermal energy in the past (Steff 2019).

Geothermal energy with CO2 removal

Geothermal production fluid contains non-condensable gasses (NCGs) such as H2S and CO2 
dissolved in solution (McLean et al. 2020). These NCGs effervesce from geothermal fluid 
during temperature decreases in the power production process, such as at condensers and 
heat exchangers. The presence of NCGs in condensers can increase the overall condenser 
pressure, lowering the power produced by the geothermal turbine. Thus, they have tradition
ally been vented to the atmosphere to avoid accumulation in the power plant apparatus. From 
a carbon accounting standpoint, the CO2 component of a geothermal plant’s emissions will 
proportionally increase the net concentration of CO2 in the atmosphere.

Although the emissions intensity (EI) of CO2 from geothermal power plants in New 
Zealand is on average far lower than fossil fuel-based power plants (75 gCO2/kWh for 
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geothermal vs. 400–1000 gCO2/kWh for fossil alternatives; McLean et al. 2020), it still 
presents an environmental concern and financial liability under emissions trading 
legislation.

The process of re-dissolving NCGs in geothermal injection fluid, thereby avoiding 
CO2 emissions entirely, was first pioneered at the Hellisheidi geothermal power plant 
in Iceland (Gunnarsson et al. 2018; Ratouis et al. 2022) as part of the Carbfix project. 
Since then, the project has expanded to include direct air capture of CO2. A pilot 
plant was installed in 2017 that captures 50 tCO2/year from ambient air and dissolves 
it in injectate whereupon it mineralises underground in basalt formations.

In a similar process, the CO2-dissolved project in France considered the dissolution of 
CO2 from ethanol production into geothermal brine (Kervévan et al. 2017). Additionally, 
Titus et al. (2023a) showed that the combination of geothermal with bioenergy and 
carbon capture and sequestration (BECCS) could result in increased renewable electricity 
and net negative emissions. Negative emissions can be considered an additional revenue 
stream if the biogenic CO2 removed is monetizable, thus lowering the cost of electricity 
production.

Theoretical new builds for geothermal-BECCS have also been compared to geother
mal with direct air capture (DAC) for high temperature geothermal systems (>270°C). 
Under these conditions, Titus et al. (2023b) concluded that geothermal-BECCS outper
formed geothermal-DAC economically due to the former’s increase in renewable electri
city production over the latter.

The prospect of monetising CDR and increasing renewable electricity production (via 
surface enthalpy control) could be valuable to geothermal plant operators. Furthermore, 
strategic implementation of low-cost CDR technologies can help strengthen decarboni
sation efforts (IPCC 2023). In this study, we consider pairing geothermal, bioenergy and 
CDR for a possible carbon-negative retrofit solution at New Zealand’s first carbon neutral 
geothermal plant.

Ngāwhā geothermal plant background

Using technology similar to what’s described in Section 1.1, the Ngāwhā power 
station made history in 2023 to become the first carbon neutral geothermal plant 
in New Zealand. Thus, we select Ngāwhā for this carbon negative case study 
because (geogenic) CO2 injection infrastructure already exists at site and is techno- 
economically feasible.

Located in the Far North, the Ngāwhā geothermal field is the only major geothermal 
system in New Zealand situated outside the TVZ (Figure 1). This field is operated by 
Ngāwhā Generation Ltd which is owned by Top Energy Group. The Ngāwhā geothermal 
power plant (57 MWe) is comprised of four Ormat Energy Converter (OEC) binary 
units, producing ∼450 GWh per year. The first pair of these, OEC1 & OEC2, are referred 
to as Station-1 and began production in 1998. We limit the theoretical carbon negative 
retrofit to Station-1 because of its well-known production/injection history and its 
current generator can handle an additional ∼2 MW (before accounting for parasitic 
loads).

Production wells feeding into Station-1 tap into a liquid-dominated reservoir at 230° 
C. Two-phase fluid is flashed in a horizontal separator (Figure 2A) at ∼14.5 bar. The 
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geothermal steam and brine pass through a vaporiser and evaporator, respectively, where 
they transfer thermal energy to n-pentane. The n-pentane then completes a closed-loop 
organic Rankine cycle where a turbine is rotated to generate electricity. The cooled 
geothermal fluid is then combined into a single stream and dispatched to the injection 
well. A simplified process schematic is presented in Figure 2D.

To transition Ngāwhā power station from carbon neutral to carbon negative atmos
pheric or biogenic CO2 must also be injected concurrently with geogenic CO2. The 
latter is the focus of this study due to intrinsic synergies between geothermal and bioe
nergy and the abundance of forestry waste for feedstock in the Far North.

Geothermal-bioenergy hybrids

Providing they are co-located, bioenergy synergizes well with geothermal energy because 
both are renewable, low-carbon and non-intermittent (Thain and DiPippo 2015; Dal 
Porto et al. 2016). In 2015, a case study investigating bioenergy hybridisation of the Roto
kawa I geothermal power plant (29 MWe) concluded that an increase of 8.5 MWe was 
possible over the base plant (Thain and DiPippo 2015). The design considered the inser
tion of a biomass boiler in between the cyclone separator and the back-pressure steam 
turbine to increase the temperature and enthalpy of separated geothermal steam. 

Figure 1. location of the Ngāwhā geothermal plant and the Taupō Volcanic Zone (TVZ) in the North 
Island of New Zealand. Not to scale.
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Because Rotokawa I is situated within the Taupō Volcanic Zone (TVZ), the Kaingaroa 
Forest was the proposed source of the woody biomass (Thain and DiPippo 2015).

In 2016, an industrial application of a geothermal-bioenergy hybrid was implemented 
at the Larderello geothermal field in Italy (Dal Porto et al. 2016). The existing geothermal 
power plant, Cornia-2 (operated by Enel Green Power), was designed to operate at 20 
MWe but failed to meet this capacity due to the relatively low temperature of steam 
(∼150°C) fed to the turbine. Thus, a biomass boiler was inserted before the turbine to 
superheat the geothermal steam to 370°C, adding 6 MWe of power (Dal Porto et al. 
2016).

Importantly, the Cornia-2 retrofit was reported to require minimal modifications. 
New infrastructure included only the boiler and heat exchanger apparatus and flue-gas 
lines (Dal Porto et al. 2016). In addition to these, modifications to the existing geothermal 
infrastructure were limited to the steam turbine and valves. Woody biomass feedstock 
was supplied locally and the retrofit was considered financially viable. Geothermal-bioe
nergy retrofits have also been considered for binary plants, combined heat and power 
applications and integration with ground-sourced heat pumps (Toselli et al. 2019; 
Zhang et al. 2019).

Notably, in the aforementioned hybrid examples, biogenic CO2 was discarded into the 
atmosphere as a carbon-neutral by-product. Thus, this retrofit case study is novel because 
it is the first to consider geothermal-bioenergy hybrid configurations that result in net- 
negative emissions via CO2 dissolution in geothermal reinjectate. Additionally, the 

Figure 2. Overview of NCG reinjection at Station-1 at Ngāwhā geothermal plant – A, horizontal 
separator receiving two-phase geothermal fluid, B, NCG extraction from heat exchangers, C, NCG dis
posal into injection line carrying spent geothermal fluid, and D, process schematic of Station-1. PW =  
production well, SEP = vertical separator, OEC = Ormat Energy Converter unit, IP = injection pump, IW  
= injection well. Red line = two-phase geothermal fluid (2PF), dark red line = steam, dark blue line =  
brine, blue line = reinjection fluid (RF), dotted black line = non-condensable gasses (NCG).
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potential to utilise biogenic CO2 instead of fossil-based CO2 is a valuable prospect for 
New Zealand’s food, horticulture and aviation industries.

Materials and methods

Any theoretical retrofit of a geothermal power plant comes with opportunity costs. 
Understanding these costs is critical to decision making; therefore operators, stake
holders and policymakers should be given the tools to weigh different configurations 
in equivalent terms. We use the Titus et al. (2023a) thermodynamic systems model to 
chart the techno-economic feasibility of geothermal-bioenergy-CDR varied across 
several key parameters (Section 2.2, Table 4). A brief overview of the major processes 
is given in Table 1. A list of abbreviations is given in Table 2.

For a given geothermal system and selection of biomass feedstock, the major model 
outputs are net power (MWe), CDR rate (ktCO2/year), the levelised cost of electricity 
(LCOE, $/MWh) and levelised cost of sequestration (LCOS, $/tCO2). This allows for 
new geothermal-bioenergy-CDR configurations to be compared in equivalent terms to 
other electricity generation and CO2 removal technologies.

We adjust LCOE and LCOS for retrofit configurations to represent only the cost to 
produce new electricity and remove CO2. The levelised cost of new electricity (LCNE) 
relates all retrofit costs to the revenue of CDR removal in $/MWh, and is calculated as 
follows:

LCNE =
Cnew − RBioCO2

Gnew
(1) 

where Cnew is the net present value (NPV) of all retrofit costs (CAPEX, OPEX, biomass 

Table 1. Titus et al. (2023b) model overview for combined geothermal-bioenergy-CDR.
Process description Model calculation

Conservation of mass and energy at a separator (DiPippo 2016) ṁs = ṁgeo(hgeo − hb)/(hs − hb))

The thermal energy and biomass feedstock required from a biomass boiler 
to superheat separated steam (Thain and DiPippo 2015)

ṁbio =
ṁs(hshs − hs)
hBoilerHV

The work generated by dry expansion of superheated steam in a turbine 
(Janes 1984)

Ẇg = ṁs[hs − hshs − hTD(hshs − hex,isen)]

The biogenic CO2 emissions based on the feedstock emissivity and biomass 
burn rate (Puettmann et al. 2020)

ṁCO2 = XCO2 ṁbio

The brine carrying capacity for biogenic CO2 as a function of dissolution 
pressure, temperature and brine mass flow rate (Zyvoloski 2007)

sCO2 = f (Pdis, Tdis) 
ṁdis = ṁbf (Pdis, Tdis)

The emissions intensity of the overall process, expressed in gCO2/kWh 
(Friedmann et al. 2020)

EI =
Egeo + Etran − ECDR

G

The levelised cost of electricity, factoring the total costs and the revenues of 
simultaneous CO2 removal (Titus et al. 2023b)

LCOE =
C − RCO2

G

The levelised cost of sequestration, factoring the total costs and the 
revenues of simultaneous electricity generation (Titus et al. 2023b)

LCOS =
C − Rg

E

ṁ = mass rate [kg/s] with subscripts denoting steam (s), brine (b), two-phase mix at the wellhead (wh), biomass fuel (bio), 
total (CO2) and dissolvable carbon dioxide (dis). h = specific enthalpy [kJ/kg] with additional subscripts denoting super
heated steam (shs) and exhaust following isenthalpic expansion (ex, isen). h = efficiency of biomass heating (Boiler) 
and turbine expansion (TD). HV = heating value [kJ/kg]. sCO2 = solubility of CO2 in water, a function of pressure (P) 
and temperature (T). Annual emissions (converted to grams) calculated using geogenic emissions (Egeo), transportation 
emissions (Etran) and carbon removed (ECDR) with annual plant generation (G) given in kWh. Costs (C) are related to 
revenues (R) for either CDR or generation.
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fuel and monitoring), RBioCO2 is the NPV of revenues from biogenic CO2 removal and 
Gnew is the NPV of increased electricity from the retrofitted plant. LCNE allows the 
decision maker to compare geothermal-bioenergy-CDR hybrids to any other retrofit 
project that may result in a higher plant capacity, such as the development of new 
wells or improvements to the plant’s cooling system. Generally, LCNE should be com
petitive with the price of electricity in the market. For this study, we assume that biogenic 
CDR will eventually be monetizable using the New Zealand emissions trading scheme 
(ETS; as of 2024), the Paris Agreement Article 6.4 trading mechanism (UNFCCC 
2015), or similar future legislation.

The counterpart to LCNE is the levelised cost of removed CO2 (LCRC), given in $/tCO2, 
which is useful to compare the cost competitiveness of carbon negative technologies:

LCRC =
Cnew − RGnew

EBioCO2

(2) 

where RGnew is the NPV of revenues from the increased electricity generated by the retrofit 
plant and EBioCO2 is the NPV of biogenic CDR discounted over the retrofit plant life. Due to 
the limits of CO2 solubility in brine, some portion of biogenic CO2 may need to be vented 
to the atmosphere or sold for utilisation. A project with an LCRC greater than $200/tCO2 
may be considered uncompetitive against other carbon removal technologies (Friedmann 
et al. 2020). Conversely, a project that achieves ≤$100/tCO2 is considered highly feasible.

Provided there is sufficient market demand, a third term can be introduced into the 
numerators of Eqns. 1&2 (subtracted from Gnew and EBioCO2 , respectively): RBioCCU, 
which is the NPV of revenues of biogenic CO2 captured and utilised. This ensures that 
valuable biogenic CO2 is not wasted and instead becomes a carbon-neutral alternative 
for industrial applications like horticulture, synthetic aviation fuel and food production. 

Table 2. List of abbreviations.
List of Abbreviations

Abbreviation Definition

ASU Air separation unit to split O2 from ambient air
BECCS Bioenergy with carbon capture and storage
BECCUS Bioenergy with carbon capture, utilisation and storage
CAPEX Capital expenditure
CCS Carbon capture and storage
CCU Carbon capture and utilisation
CCUS Carbon capture, utilisation and storage
CDR Carbon-dioxide removal
CPU Compression unit to compress biogenic CO2

EI Emissions intensity (gCO2/kWh)
ETS Emissions trading scheme (specifically New Zealand’s)
LCNE Levelised cost of new electricity from retrofit ($/MWh)
LCOE Levelised cost of electricity of overall plant ($/MWh)
LCOS Levelised cost of sequestering CO2 ($/tCO2)
LCRC Levelised cost of removed CO2 net from the atmosphere ($/tCO2)
NCG Non-condensable gasses such as H2S and CO2 in geothermal fluid
NPV Net present value (discounted monetary values over plant life)
OEC Ormat Energy Converter, a plant design from Ormat Technologies Inc.
OECD Organisation for Economic Co-operation and Development
OPEX Operational expenditures from running the power plant
TVZ Taupō volcanic zone, holding most of New Zealand’s geothermal fields
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We assume a discount factor of 8%, in line with expected rates from OECD economies 
(Park et al. 2021). For simplicity, all NCGs are treated as CO2.

Ngāwhā station theoretical retrofit

We determine that the simplest retrofit for Station-1 would be to place a biomass boiler 
in between the production well and the horizontal separator. Doing so would increase the 
enthalpy of the two-phase fluid entering the separator and result in a larger steam frac
tion dispatched to the vaporiser. This in turn allows the OEC units to run at a higher 
cycle pressure.

Additionally, we deem that biogenic CO2 removal must run concurrently with the 
plant’s existing NCG reinjection from an operational perspective, though this limits 
the maximum CDR potential. Key calibration data for Station-1 is presented in 
Table 3. This data was provided by Ngāwhā Generation LTD and matches the operation 
period of OEC1&2 during January, 2024.

We analyse three theoretical retrofit configurations (Figure 3) in this study: (1) a 
geothermal-bioenergy hybrid where all biogenic CO2 is vented, (2) a geothermal-bioe
nergy hybrid with biogenic CO2 capture and storage (geothermal-BECCS) where only 
excess biogenic CO2 is vented, and (3) a geothermal-bioenergy hybrid where all biogenic 
CO2 is either captured or sold for utilisation (geothermal-BECCUS).

Due to constraints on the existing generator at Station-1, all configurations were opti
mised for an increase of 1 MWe in net power production. Furthermore, we cap the total 
injection of CO2 (NCG and biogenic) such that it would completely dissolve at 20 bar and 
95°C. This is 2 bar below the running injection pressure (Table 3), ensuring that any 
natural variation in the injectate temperature (such as from heat exchanger fouling) 
would not result in CO2 coming out of solution. Therefore, when factoring the 0.5% 
(by mass) of NCGs in the production fluid at Station-1, the remaining dissolution 
capacity is capped at 1.8 tCO2/h.

For configuration 1, the biomass feedstock is combusted in air, and the flue gas does 
not need to be compressed. For configurations 2 and 3 we have chosen an oxy-combus
tion process (Khallaghi et al. 2021), where the biomass feedstock is combusted in pure 
oxygen. This results in a very high grade of CO2 in the flue gas stream (>95% compo
sition). An air separation unit (ASU) and accompanying parasitic load are needed to sep
arate O2 from ambient air. CO2 dispatched for removal must be compressed to 20 bar in a 
compression unit (CPU), incurring an additional parasitic load.

The specific design of the oxy-combustion boiler and heat exchanger is beyond the 
scope of this study. However, we model (1) the heat transfer needed for the optimal 

Table 3. Calibration data for Station-1 (OEC1&2) at Ngāwhā geothermal field.
Total production mass rate (t/h) 400
Reservoir temperature (°C) 230
Separator (SP-12) pressure (bar) 14.5
Steam fraction (%) 8
NCG mass fraction (%) 0.5

Injection pump pressure (bar) 22
Reinjection temperature (°C) 95
OEC thermal-electrical efficiency (%) 13
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Figure 3. Process schematics for A, geothermal-bioenergy hybrid, B, geothermal-BECCS and C, 
geothermal-BECCUS at Station-1. PW = production well, SEP = vertical separator, OEC = Ormat 
Energy Converter unit, IP = injection pump, IW = injection well, BIO = biomass boiler, CPU = com
pression unit, ASU = Air Separation Unit, CDR = CO2 removal, CCU = CO2 utilisation. Red line = two- 
phase geothermal fluid (2PF), dark red line = steam, dark blue line = brine, blue line = reinjection 
fluid (RF), dotted black line = non-condensable gasses (NCG), green line = forestry residues, orange 
line = Air/O2, dotted green line = biogenic CO2.
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steam fraction, (2) the biomass burn rate needed to achieve this, (3) the amount of 
oxygen required and (4) the ASU and CPU parasitic loads. In practice, such as for a 
pilot demonstration, some considerations for biomass storage would also be required. 
This will ultimately depend on the feedstock supply logistics and operational manage
ment of the retrofitted plant. We assumed a retrofit plant life representative of hybrid 
geothermal power systems of 15 years (Hu et al. 2022), including 2 years of construction, 
and a capacity factor of 90%.

New Zealand currently has no geological CDR operations and its bioeconomy, with 
respect to renewable energy, is still emerging (MfE 2022; Coriolis 2023). With no 
geothermal-bioenergy-CDR plant operating as of 2024, we derive key parameters from 
the literature (Table 4).

To obtain approximate error bounds, we conducted Monte-Carlo sampling, drawing 
1000 uncorrelated parameter values for each model configuration. Values were sampled 
from uniform distributions with bounding values drawn from literature studies (Table 
4). We report the 33rd, 50th and 66th percentile of model outputs to quantify uncertainty 
(Table 5).

As shown with Eqns. 1&2, the LCNE and LCRC values of geothermal-biomass-CDR 
retrofits are sensitive to the market price of CO2 and electricity, respectively. Thus, we 
vary these two values to examine this sensitivity, thereby delineating the conditions 
under which each configuration could reach economic feasibility.

For the market price of CO2, the price points of interest are $0/tCO2, $50/tCO2 and 
$100/tCO2. The first represents a case where there is no monetary value for CDR activi
ties, but they are undertaken nevertheless. The second is representative of the cost con
tainment trigger price in the 2022 decision (∼NZD 80/tCO2) of the NZ ETS (Reddy 

Table 5. Techno-economic model results for all configurations to achieve 1 MWe net increase at 
Station-1 (CO2 price = $50/tCO2, electricity price = $60/MWh). Sampling 1000 iterations.

Geothermal-Bioenergy Geothermal-BECCS Geothermal-BECCUS

Optimized steam fraction (%) 10 12 13
Levelised cost of new electricity ($/MWh) 194+31

28 267+58
51 137+77

92
Levelised cost of removed carbon ($/tCO2) – 164+32

28 93+42
51

Retrofit CAPEX (Mill. $) 5.4+1.3
1.3 9.9+2.4

2.4 11.8+2.9
2.9

Gross power increase (MWe) 1 1.8 2.2
ASU and CPU loads (MWe) 0 0.8 1.2
Biomass burn rate (kt/year) 12.1+0.6

0.6 22.2+1.1
1.1 26.5+1.3

1.3
Biogenic CDR (kt/year) 0 15.9 15.9
Vented biogenic CO2 (kt/year) 23.9+5.2

5.2 27.7+9.5
9.6 0

Saleable carbon-neutral CO2 (kt/year) 0 0 36.1+11.4
11.4

Electricity revenue (Mill. $/year) 0.47 0.47 0.47
CDR revenue (Mill. $/year) 0 0.79 0.79
CCU revenue (Mill. $/year) 0 0 1.8+0.6

0.6
Total gas mass fraction of injectate (%) 0.5 0.95 0.95

Table 4. Key design parameter ranges for uncertainty quantification.
Minimum Maximum Source

Bioenergy CAPEX rate ($/kWe) 701 7445 IRENA (2021)
Biogenic CO2 emissivity (kgCO2/kg-wood) 0.78 3.25 Puettmann et al. (2020)
Biomass heating value (MJ/kg) 15 20 Telmo and Lousada (2011)
Onsite monitoring, transport and injection ($/tCO2) 0.9 3.5 Gunnarsson et al. (2018)
Biomass feedstock cost ($/tonne) 24.5 78.6 MPI (2020)
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2023). This is the maximum ETS price before reserve units are triggered for sale, thereby 
increasing the market’s supply of units. The final price point of $100/tCO2 is approxi
mately representative of the ETS trigger price as laid out in the 2023 decision (NZD 
173/tCO2, to take effect in 2024). For this study, we assumed that the market price of 
CO2 for CCU applications was equivalent to the ETS price, although this can be signifi
cantly higher depending on the application and market conditions, as discussed in 
Section 4.

For electricity prices, we assume that the new electricity generated from the retrofit 
plant could garner a median and maximum presale price of $60/MWh and $120/ 
MWh, respectively. A minimum value of $0/MWh was also considered for periods of 
outages where electricity cannot be sold but CO2 removal or utilisation can continue 
unperturbed.

Results

We report median values of model outputs for configurations 1–3 in Table 5. Outputs 
unconstrained by physical limitations (such as generator and dissolution capacity) are 
reported with 33rd and 66th percentile results. We optimised all retrofit configurations 
for a net generation increase of 1 MWe at Station-1.

At a CO2 price of $50/tCO2 and an electricity price of $60/MWh, the geothermal-bioe
nergy hybrid (without CDR or CCU) operated at the lowest steam fraction (10%), and 
had the lowest biomass burn rate (12.1+0.6

0.6 kt/year) and retrofit CAPEX ($5.4+1.3
1.3 

million). The mass fraction of CO2 injected into the Ngāwhā reservoir remains 
unchanged as all biogenic CO2 is vented to the atmosphere.

In terms of LCNE, the geothermal-BECCUS configuration ($137/MWh +77
92) outper

formed both the geothermal-BECCS ($267/MWh+58
51) and geothermal-bioenergy 

($194/MWh+31
28) configurations due to the CCU component. At $50/tCO2, the 

annual revenues from 15.9 kt/year of biogenic CDR total $0.79 million whereas the 
annual CCU revenues are $1.8 million.

Component analysis for LCNE and LCRC is given in Figure 4. CAPEX makes up 
almost half of the LCNE cost for configuration 1 (∼$90/MWh), with fuel costs as the 
second most critical factor (∼$74/MWh). The geothermal-BECCS configuration fol
lowed a similar trend. The greater steam fraction (12%) over configuration 1 necessitates 
a larger boiler and more biomass feedstock.

For configurations 2 and 3, the CDR revenue component is capped at $90/MWh due 
to solubility limits and co-injection of NCGs. This revenue does not offset either the 
CAPEX component ($163/MWh and $196/MWh) or the fuel cost component ($135/ 
MWh and $161/MWh) of LCNE.

For geothermal-BECCUS, all biogenic CO2 must be compressed. Thus, configuration- 
3 has the greatest steam mass fraction (13%) and ASU and CPU load (1.2 MWe) to 
achieve a 1 MWe net increase at Station-1. However, the CCU revenue component 
(∼$206/MWh) is larger than the CAPEX component (∼$196/MWh), the main contribu
tor to configuration 3’s relatively low LCNE value.

CCU revenues also factor into the LCRC of geothermal-BECCUS 
($93/tCO2+42

51 ), furthering its advantage as a CDR technology over geother
mal-BECCS ($164/tCO2+32

28). Although the geothermal-BECCS retrofit sits 
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Figure 4. A, Electricity cost, CDR and CCU revenue component analysis of LCNE for the three retrofit 
designs, B, CDR cost, electricity and CCU revenue component analysis for LCRC for geothermal-BECCS 
and geothermal-BECCUS. Black lines denote the uncertainty range between 33rd and 66th percentile. 
Costs components are given in the left-hand column and revenue components are given in the right- 
hand column. Sampling 1000 iterations.
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comfortably below the $200/tCO2 uncompetitive threshold (Friedmann et al. 
2020), geothermal-BECCUS resides in the coveted zone below $100/tCO2 for 
carbon removal technologies. The annual electricity revenues from the 1 MWe 

Figure 5. Uncertainty quantification for A, LCNE for changing CO2 market prices for all three retrofit 
configurations. Sampling 1000 iterations for each of $0, 50 and 100/tCO2; and B, Uncertainty quantifi
cation for LCRC for changing electricity market prices for geothermal-BECCS and geothermal-BECCUS. 
Sampling 1000 iterations for each of $0, 60 and 120/MWh.
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increase only result in $0.47 million/year assuming a cost of $60/MWh across all 
three configurations, lower than the revenues from CDR (configurations 2 and 3) 
and CCU (configuration 3).

CAPEX is also the dominant component for LCRC at ∼$90/tCO2 and ∼$108/tCO2 for 
configurations 2 and 3, respectively. Since both retrofits generate 1 MWe, the electricity 
revenue component is capped at $33/tCO2, offsetting roughly one-third of the CAPEX 
component. The CCU revenue component (∼$114/tCO2) for geothermal-BECCUS 
fully offsets CAPEX.

The effects of the market price of CO2 and electricity on the financial viability of the 
three configurations are depicted in Figure 5. Configuration 1 is unaffected by any change 
to the market price of CO2 (Figure 5A), meaning that if all else stays constant it will result 
in a relatively expensive retrofit to increase renewable electricity generation. The LCNE 
of geothermal-BECCS is on par with configuration 1 at ∼$90/tCO2. However, there is 
potential for overlap between the two configurations from ∼$45 to 100/tCO2.

Geothermal-BECCUS has a lower LCNE than geothermal-BECCS at CO2 prices >$20/ 
tCO2 and the standalone geothermal-bioenergy retrofit at >$40/tCO2. Importantly, 
geothermal-BECCUS reaches negative LCNE values at CO2 prices >$70/tCO2, 
meaning that the revenue from biogenic CDR and CCU outweighs any cost to 
produce the 1 MWe net of electricity.

In terms of LCRC (Figure 5B), median results for geothermal-BECCS never reach 
≥$200/tCO2, even at electricity prices of $0/MWh. Nevertheless, it is unlikely that 
geothermal-BECCS can cross the ≤$100/tCO2 threshold up to a presale electricity 
price of $120/MWh. Thus, at no point do geothermal-BECCS and geothermal- 
BECCUS intersect, meaning that at any given electricity price geothermal-BECCUS is 
the more cost-effective CO2 removal retrofit configuration.

From a carbon accounting perspective, the emissions intensity of configuration 1 
would remain at 0 gCO2/kWh. However, for geothermal-BECCS and geothermal- 
BECCUS, the permanent removal of 15.9 kt/year of biogenic CO2 would result in an 
emissions intensity (EI) of −2017 gCO2/kWh for the new electricity, roughly able to 
offset twice the CO2 as emitted by a 1 MWe coal power plant (EIA 2021). The overall 
EI of Station-1 (∼9 MWe after retrofit) would reach −224 gCO2/kWh.

Discussion

We showed that combined geothermal-bioenergy-CDR operations could be a compelling 
retrofit option for Station-1 at Ngāwhā geothermal field provided that CDR is monetiz
able and excess biogenic CO2 is sold for utilisation. The viability and value of CDR pro
jects will depend on the context. For example, in countries with high fossil-fuel 
penetration in the electricity sector it may be more straightforward to directly phase 
out these power plants with low cost wind and solar energy (IPCC 2023). However, 
almost half of New Zealand’s greenhouse gas emissions come from agriculture (McDo
well et al. 2024), which cannot be offset by further renewable electrification. BECCS and 
other CDR related technologies thus offer critical strategic flexibility in avoiding over
shoot our emissions budget (IPCC 2023).

The prospect of geological storage of removed biogenic CO2 could supplement New 
Zealand’s ambitious climate targets (The Parliament of New Zealand 2019) and, along 
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with economy-wide decarbonisation, help to avoid any overshoot of emissions budgets. 
New Zealand’s current and only approach to CDR, afforestation, is cost-effective but 
requires new land to be repurposed (Humpenöder et al. 2014).

Furthermore, afforestation presents durability concerns with regard to long-term CO2 
reduction (Keenan 2015). Increased droughts, fires and cyclones will increase tree mor
tality rates (Williams et al. 2019; Wu et al. 2021; Iglesias et al. 2022; Juang et al. 2022), 
thereby returning CO2 stocks to the atmosphere, cutting short the timeline of impacted 
forestry credits (Anderegg et al. 2020; Wu et al. 2023). Thus, multiple CDR approaches in 
tandem may help balance out CO2 budgets and avoid the risk of CO2 escape.

Geothermal fields that have degassed and emitted NCG substantially since their 
inception, such as Ngāwhā, may have sufficient space to store large amounts of bio
genic CO2 for long periods. Pressure maintenance of geothermal systems is integral to 
the long-term CO2 storage opportunities (Kervévan et al. 2017). Therefore, monitoring 
the migration of dissolved CO2 towards surface manifestations and the production 
zone would need to be considered as part of reservoir management. The concen
tration of total CO2 for the geothermal-BECCS and geothermal-BECCUS retrofits 
remained lower than the original NCG concentration from Station-1 in 1998. Never
theless, the mineralisation rate of dissolved CO2 remains an open question at Ngāwhā 
geothermal field.

Any bioenergy-based retrofit of Station-1 would require consistent access to a supply 
of feedstock. Ideally, this feedstock should be sourced from the Far North to minimise 
trucking costs and transport emissions. Chip and hog quality residues are estimated to 
each have a long-term supply of 0.18 million m3 in Northland (MPI 2020). Factoring 
in a forestry residue density of 1234 kg/m3 (Nurek et al. 2019), we estimate a potential 
∼445 kt/year of feedstock supply. For context, the 66th percentile biomass burn rate 
for geothermal-BECCUS required ∼28 kt/year, roughly 6% of this estimated total 
supply. An uptake in bioenergy projects in New Zealand may also reduce woody 
debris and forestry slash left on the forest floor, which can become mobilised during 
extreme weather events (Payn 2023).

The practical implementation of bioenergy hybrids at geothermal power plants may 
require further consideration or else risk higher retrofit CAPEX. For example, the exist
ing separator on site must be able to handle the increase in steam fraction of a retrofit. 
Additionally, there may be capacity restrictions on the generator that limit the 
maximum work the binary turbine can produce. Finally, as with all retrofit projects, 
the retrofitted plant must perform adequately for a suitable duration of time to justify 
the financial investment and avoid stranding of assets.

Carbon-neutral biogenic CO2 is a valuable product for sustainable aviation fuel, green
houses, and food production. The high-purity CO2 flue stream from oxy-combustion 
(∼95%) may present a better opportunity for food-grade CO2 than geothermal NCGs since 
the latter are not carbon neutral. Recently, New Zealand has faced shortages of food grade 
CO2 (Olley 2023). The Kapuni petrochemical plant’s temporary closure in 2022 saw the 
price of food-grade CO2 rise to ∼$2200/tCO2 (Olley 2023). Assuming there was the demand 
for all 36 ktCO2/year produced from the geothermal-BECCUS retrofit, this would result in 
annual CCU revenues of $80 million. This would dwarf the $0.79 and $0.47 million in 
annual revenues from CDR and electricity production, respectively, and could justify investi
gating improving the biogenic CO2 purity from 95% to 99.9% (Esposito et al. 2019).
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In general, geothermal-biomass-CDR hybrids could offer multi-faceted decarbonisa
tion potential. For example, New Zealand ranked 6th in the world for per capita aviation 
emissions in 2019 (Callister and McLachlan 2023), which represent roughly 12% of the 
country’s gross emissions. These emissions cannot easily be mitigated with renewable 
electricity, but they can be indirectly offset via CDR (Friedmann et al. 2020) or eliminated 
by using biogenic CO2 as an alternative feedstock for sustainable aviation fuel.

Conclusion

A potential bioenergy retrofit of Ngāwhā geothermal power station could result in 
increased electricity output, negative CO2 emissions and valuable carbon neutral CO2. 
We showed that a retrofit geothermal-bioenergy-CDR hybrid plant optimised for an 
increase in 1 MWe could achieve carbon removals of 15.9 ktCO2/year.

We also show that additional CCU activities can make the project more lucrative if 
biogenic CO2 is produced at a greater rate than can be dissolved in the geothermal 
brine. In such a scenario, the levelised costs of new electricity and carbon removal 
could drop to $137/MWh and $93/tCO2, respectively.

The latter value lies below the desirable threshold of $100/tCO2 for carbon removal 
projects and could thus be considered a cost-effective way at offsetting CO2 emissions 
from other sectors in New Zealand’s economy. It is possible that at high CO2 market 
prices still within the bounds of the ETS trigger price, the increased electricity generation 
could come at no cost. Finding ways to lower boiler CAPEX and acquire feedstock 
cheaply could be integral in lowering costs further.

The biomass burn rate required for the retrofit (26.5+1.3
1.3 kt/year) is only 6% of the 

total Far North supply of chip and hog quality forestry residues. If the plant was 
implemented today, biogenic CCU would yield the most lucrative of the three revenue 
streams at $2 million/year, followed by CDR at $0.79 million/year and electricity gener
ation at $0.47 million/year.

We argue New Zealand has the natural resources and regulatory framework to become 
a world leader in CO2 removal. Geothermal energy has played an important role in both 
the country’s domestic development and foreign relations (Steff 2019; Chelminski 2022). 
New Zealand also has a robust forestry industry and a growing need to address forestry 
slash. Combining these three concepts could offer multiple value chains, durable path
ways to achieve climate targets, and build international relationships via the exchange 
of expertise and aid. Therefore, the next steps are to demonstrate these concepts in prac
tice with a pilot demonstration of geothermal-bioenergy-CDR hybrids.

Acknowledgements
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