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The stylized market for reserves
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• Navarro: where is the 
(blue) demand curve?

• Salgado-Moreno: behind 
a demand curve is an 
alternative, and that is 
government bonds

• La Spada: where should 
the (red) supply curve 
be?Q

r*

𝒟(Q; Π)

Q0

r*0

ιw

ιr

Q

r*

𝒟(Q; Π)

Q1

ιw

r*1 ≈ ιr

scarce ample abundant
Q′ 

Q

r*

𝒟(Q; Π0)

𝒟(Q; Π1)

Q0

r*0

Q1

r*1

Q

r*

𝒟(Q; Π0)
𝒟(Q; Π1)

Q0Q1

r*1 = r*0

Figure 1: Stylized model of the determination of the fed funds rate.

Notes: In every panel, Q denotes the aggregate quantity of reserves, a vertical line represents the actual quantity of reserves supplied by the central bank,

r
→
denotes the fed fund rate, and ! is a set of parameters that determine the position of the aggregate demand for reserves, D. The administered rates in

the lending and deposit facility are denoted ωw and ωr, respectively.
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Lagos Navarro
• Rich and realistic OTC model of 

interbank borrowing (Afonso, Lagos 
2015). 

• Fedwire data calibration.

• In sample: fit similar to OLS, 
although matching many moments 
in the distribution

• Virtue/vice: model says flat curve at 
1.3tr ; OLS would suggest 2.5tr.

3

st = a+ b ln(Qt) (OLS, total reserves) Quantitative-theoretic estimate (active excess reserves)

st = a+ b ln(Qt) (OLS, total reserves) st = a+ b ln(Qt) (OLS, active excess reserves)

Figure 8: Reserve demand estimation: model vs. OLS fit of st = a+ b ln(Qt).

Notes: In each panel: vertical axis is EFFR-IOR spread; horizontal axis is total reserves or active excess reserves as defined in Section 6. Full sample: all

trading days in 2017/01/20–2019/09/13. Top-left panel: total reserves OLS fit of (44) on full sample. Bottom-left panel: total reserves and OLS fits of (44)

on each subsample defined by IOR-ONRRP spread. Top-right panel: active excess reserves and aggregate demands implied by the theory for each

IOR-ONRRP spread (all other parameters as in the baseline calibration). Bottom-right panel: active excess reserves and OLS fits of (44) on each

subsample. Secondary horizontal axis (above top-left and bottom-left panels) translates active excess reserves into total reserves.

47



Lagos Navarro
• Real benefit is policy 

counterfactuals

• Emphasizes: differences in IOR 
vs ONRRP vs DWR can really 
change shape of the curve.

• Suggested experiment: 
lowering costs of DW 
borrowing ( bps), and 
how could shift to a lending-
based system.

ιs = 75.8
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Figure 6: Theoretical aggregate demand for reserves: shifts and rotations.

Notes: In all panels, the curve labeled “Benchmark” is the theoretical aggregate demand ω
→
yω = D(Qyω ;!) for the model calibrated as in Table 1, and with

ω
→
yω and Qyω computed with the interpolation procedure described in Section A.6, for y0 = 2017 and y1 = 2019. Top-left panel: benchmark aggregate

demand, and aggregate demands resulting from two experiments: (i) increase DWR by 50 bps; (ii) increase IOR by 15 bps. Top-right panel: benchmark

aggregate demand, and aggregate demand resulting from increasing all administered rates (i.e., DWR, IOR, and ONRRP) by 75 bps. Bottom-left panel:

benchmark aggregate demand, and aggregate demands resulting from three experiments: (i) multiply {εi}i↑N by 10; (ii) set εF = 0; (iii) set ϑF = ϑS = 0.

Bottom-right panel: benchmark aggregate demand, and aggregate demands resulting from two experiments: (i) set ϖi = 0 for all i → N; (ii) set ϖi = ϖF for

all i → N.
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Lagos Navarro

• With 4 banks that are on one side of almost every interbank borrowing, should 
we be focussing on the search and matching, or on the bargaining instead?

• Yet, weakest part of the calibration: assume bargaining weight is and 1/20 if 
dealing with GSCs, otherwise 1/2. 
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Figure 2: Fed funds trading networks.

Notes: Each node corresponds to one of the four bank types, and labeled accordingly as F , M , S, or G. An arrow from a type to another represents loans

extended from banks in the former to banks in the latter, with the size of the arrow proportional to the volume of loans. The size of each node is

proportional to the volume of loans extended by banks of that type to other banks of that same type. The colors of the arrows and nodes are: light blue,

dark blue, light red, or dark red, if the volume-weighted average interest rate on the loans between the two types of banks, expressed as a spread over the

e!ective fed funds rate (EFFR), falls in the first, second, third, or fourth quartile, respectively.
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Salgado-Moreno and Kumhof
• Quantitative tightening: 

• risk premium on government debt rises, as 
private sector must hold more: raises lending 
rates

• Liquidity premium (discount) on reserves rises 
(falls) as reserves become more scarce: neutral 
policy rate falls

• Second effect dominates around 10% of GDP

• Versus monetary financing (reserves to buy new 
bonds) no risk premium effect.
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Figure 3: Steady States - Monetary QE/QT
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Other spreads are as important

• Lending to real economy: risky, 
frictional, ultimately driving output

• Long-term government bond yields: 
duration risk and debt management

• Realized returns: unexpected inflation 
and the government budget constraint

Large drivers of r* compared to liquidity
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Salgado-Moreno and Kumhof
Figure 1: The four R-stars and their trends between 1995 and 2019

(a) Return on productive capital (m)
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(b) Return on unproductive savings (y)
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(c) Realized return on government bonds (ρ)
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(d) Policy rate (i)
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Notes: Panel (a): Expected return is the US nominal return on private capital minus the average of expected 10-year-ahead inflation in
the SPF. Leveraged return is a weighted average cost of capital using Baa bonds and effective tax rates. Panel (b): “Survey expectations”
subtracts from the 10-year yield on US government bonds the average expected 10-year-ahead inflation in the SPF, while market
expectations is the yield on a 10-year Treasury inflation-protected security. Panel (c): Holding period real return on 10-year and
1-year US government bonds. Panel (d): Federal Funds rate or 3-month government bond rate minus 2%. Trends calculated using a
Mueller-Watson filter with a 10-year window.

first measure subtracts expected inflation (again the mean answer across the SPF survey
respondents) from the 10-year yield, while the second measures directly the yield on bonds
whose returns are indexed to the rate of inflation. Appendix A plots similar measures for
the G-7 countries.

The data tells a consistent story across measures: y had a smooth downward trend
during these 25 years, falling by between 2 and 3 percentage points. This is strikingly
different from what we saw for m.

5

Reis (2025) “The Four R-stars: From Interest Rates to Inflation and Back”



Reserves and uncertainty
• if uncertainty about the satiation 

point: supply more reserves, since 
spread is more likely to be pinned 
down.

• if uncertainty on slope of demand, 
supply more, from Brainard 
attenuation

If large enough uncertainty may even 
be in the abundant region.
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Afonso, La Spada, Mertens, Williams

reserves deviates from a specified level, 𝐿̂. In the stochastic problem, the central bank chooses the

supply of reserves, 𝐿, before the realization of the three shocks.

We assume a quadratic objective function, denoted by 𝒽. Specifically, the central bank aims to

minimize the expected value of a linear combination of the squared di!erence between the realized

spread and the target spread and the squared di!erence between the level of reserves and their

target level, subject to the piecewise-linear demand for reserves in equation (1); that is,

𝒽 = min
𝐿

1
2E

[
(𝑀 → 𝑀̂)2 + 𝜑(𝐿 → 𝐿̂)2

]
, (4)

where 𝜑 ↑ 0 is the relative weight given to deviations from the reserves target 𝐿̂. This problem is

mathematically identical to:

𝒽 = min
𝐿

1
2

(
(E𝑀 → 𝑀̂)2 + Var[𝑀] + 𝜑(𝐿 → 𝐿̂)2

)
, (5)

where the loss function is written in terms of a linear combination of the squared di!erence between

the mean spread and target spread, the variance of the spread, and the squared di!erence between

the level of reserves and their target level.

As discussed above, the central bank’s target level of the spread 𝑀̂ is influenced by a number

of factors, including monetary policy objectives and financial market frictions. The choice of the

target reserve level 𝐿̂ reflects central bank’s considerations that are not directly related to the

control of interest rates, such as the central bank’s footprint in the financial system and possible

disintermediation of the banking system, which could lead to a less e"cient allocation of resources

and inhibit market functioning.! If it is costly for the central bank to operate a large balance sheet

for reasons unrelated to interest rate control, the central bank may find optimal to set the target level

of reserves below the satiation point, i.e., 𝐿̂ < 𝐿̄.

In the following, we assume that, absent uncertainty, the target spread and target level of reserves

are both in the ample reserves region. Specifically, we assume 𝑀̂ > 𝑀̄ and 𝐿̂ < 𝐿̄. Our analysis

generalizes to the less-interesting case in which the target levels lie in the abundant reserves region.

!See Borio (2023).
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2 Model

We conduct our analysis with a simple model of the demand for central bank reserves that captures

the key features implied by theory (e.g., Poole, 1968, Afonso and Lagos, 2015, Bianchi and Bigio,

2022). We represent the nonlinear nature of demand using a piecewise-linear function of the spread

between the rate at which banks trade their reserves in the federal funds market and the interest

rate paid on reserve balances by the central bank. The demand for reserves is price sensitive in

the ample reserves region and price insensitive in the abundant reserves region. In Section 5, we

introduce a third region of scarce reserves, in which the demand for reserves is more price sensitive

than in the ample reserves region. We incorporate three sources of uncertainty about the demand

for reserves highlighted in the empirical evidence of Afonso et al. (2023).

2.1 Demand for Reserves

The interest rate spread, 𝐿, between the market rate and the interest rate on reserve balances is

assumed to depend on the level of reserves, 𝑀, according to the piecewise-linear demand function:

𝐿 =



𝐿̄ + 𝜑 → (𝜒 + 𝜓)(𝑀 → 𝑀̄ → 𝜔) if 𝑀 < 𝑀̄ + 𝜔,

𝐿̄ + 𝜑 else,
(1)

where 𝑀̄ + 𝜔 denotes the level of reserves above which the demand for reserves becomes flat

(abundant reserves), 𝜒 + 𝜓 is the steepness of the demand curve if 𝑀 < 𝑀̄ + 𝜔 (ample reserves), and

𝐿̄ + 𝜑 is the spread if reserves are abundant (floor of the demand curve). We assume that 𝑀̄, 𝜒 > 0,

and 𝐿̄ are known to the central bank, whereas 𝜔, 𝜓, and 𝜑 are uncertain. Absent uncertainty, the

demand equation (1) is shown by the solid black lines in Figure 2.

Figure 2 also shows how the three elements of uncertainty a!ect the demand for reserves.

Each source of uncertainty is represented by a mean-zero shock with finite second moments that

is uncorrelated with the other shocks. Specifically, the shock 𝜔 represents uncertainty about the

location of the kink in the demand curve; it has a probability density function 𝑁(·), cumulative

5

distribution function 𝐿(·), and variance 𝜑2
𝜒.! These horizontal shocks can also be interpreted as

shocks to the supply of reserves, 𝑀, caused by factors outside the control of the central bank (e.g.,

the Treasury general account).

The shock 𝜓, with variance 𝜑2
𝜓, reflects uncertainty about the level of the minimum spread and

a!ects the spread equally along the demand curve. That is, 𝜒 corresponds to a horizontal shift in the

reserve demand curve, while 𝜓 represents a vertical shift. The shock 𝜔, with variance 𝜑2
𝜔, represents

uncertainty about the slope of the demand curve in the downward-sloping (ample reserves) region.

To simplify our notation, in (1), we assume that the slope of the demand curve is zero in the

abundant reserves region; our analysis and results, however, carry over if demand is price sensitive

when reserves are abundant, as long as the mean slope in this region is smaller in magnitude than

that in the ample reserves region, 𝜕.

2.2 Model Properties

We start with a description of key equilibrium properties of the model. The proofs build on methods

developed in Bok et al. (2023) and are contained in the mathematical appendix.

For a given level of reserves, 𝑀, the cuto! value of the shock 𝜒 such that reserves become

abundant, denoted by 𝜒̄(𝑀), is given by:

𝜒̄(𝑀) = 𝑀 → 𝑀̄ .

For a given value of 𝑀, the probability of being in the flat part of the demand curve is given by:

Prob
(
𝜒 < 𝜒̄(𝑀)

)
= 𝐿

(
𝜒̄(𝑀)

)
,

where the derivative of this probability with respect to 𝑀 is equal to 𝑁(𝜒̄(𝑀)). To simplify notation,

for the remainder of the paper, we suppress the argument in parenthesis and use 𝜒̄ to indicate 𝜒̄(𝑀).
In deriving model moments, it is useful to define two functions related to the cumulative

!We assume that 𝑁(·) is continuous and that lim𝜒↑↓ 𝜒2𝑁(𝜒) = 0.
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Note that certainty equivalence does not hold due to the multiplicative uncertainty associated with

the slope parameter 𝜑 and because the e!ect of realized horizontal shocks, 𝜒, depends on the level

of reserves 𝐿 (via the truncation of their distribution).

Result 2 (Optimal Level of Reserves and Expected Spread)

The first-order condition yields the following equation for the optimal level of reserves, 𝐿→→
:

𝐿→→ = 𝐿̄ + 1
𝜑2 + 𝜓2

𝜔 + 𝜕

(
𝜑
(
𝑀(𝜒̄) ↑ 1

)
(𝑁̂ ↑ 𝑁̄) + (𝜑2 + 𝜓2

𝜔)𝒽(𝜒̄) ↑ 𝜕(𝐿̄ ↑ 𝐿̂)
)
, (6)

which implies the inequality 𝐿→→ ↑ 𝐿̄ < 𝒽(𝜒̄).
The corresponding second-order condition is given by

(𝜑2 + 𝜓2
𝜔)
(
1 ↑ 𝑀(𝜒̄)

)
↑ 𝜑(𝑁̂ ↑ 𝑁̄)𝑂(𝜒̄) + 𝜕 > 0.

Appendices A.1 and A.2 derive these results.

Result 2 lays out the necessary and su"cient conditions for the existence of local minima. Note

that vertical shocks to the demand for reserves, 𝜖, do not a!ect the optimal choice of 𝐿→→ because

vertical shocks simply add to the variance of the spread without a!ecting its mean and do not

change how the supply of reserves a!ects the spread.

Unlike the case of no uncertainty, the first-order condition is an implicit function of 𝐿→→ that may

have multiple solutions, some of which represent local minima and others local maxima depending

on the sign of the second-order condition. That said, since the loss function is continuous and

monotonically increases as reserves go to infinity, there exists one global minimum. In our analysis,

we rely on the second-order condition holding at the global minimum, while recognizing that there

may be other local minima.

The key results regarding the e!ects of uncertainty on the optimal supply of reserves are sum-

marized in Result 3.
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Optimal control problem, misses Lucas 
critique and micro-foundations:

• Demand would change with the policy?

• Demand-driven floor would do better?

• Shouldn’t loss function be asymmetric?

• Financial crises and the elasticity of the 
system for both private and public 
liquidity

9

Afonso, La Spada, Mertens, Williams

Figure 3: Expected Interest Rate Spread and Optimal Reserves. This figure shows the expected
spread between the market-implied policy rate and the interest rate on reserve balances, both absent
uncertainty and in the presence of di!erent types of uncertainty about the reserve demand curve.
The black line represents the deterministic case as well as the case with uncertainty about the slope
in the ample reserves region (𝜑 shocks), but without uncertainty about the location of the kink
between ample and abundant reserves (i.e., the satiation point; 𝜒 shocks). The red line represents
the case with uncertainty about the location of the kink. The squares represent the expected spreads
at the optimal reserve levels in the di!erent specifications: black for the deterministic case, blue for
the case with uncertainty about the slope but without uncertainty about the location of the kink,
red for the case with uncertainty about the location of the kink but without uncertainty about the
slope, and green for the case with uncertainty about both the location of the kink and the slope.
In these figures, the shocks are assumed to be independent, normally distributed, and with zero
mean. Note that the expected spread and optimal reserves when there is only uncertainty about
the floor of the demand curve (𝜓 shocks) are the same as in the deterministic case.
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1. Take a cue from Friedman: the optimal 
quantity of bank reserves is… how you 
should remunerate them. (Tiering)

2. Behind a reserve is an asset of the 
central bank. With those come fiscal 
risks that must be passed on to the 
government budget constraint. Have to 
manage them.

3. Private competition: interbank markets 
in past, stablecoins in the future.
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